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BLUE DEMON" 


4-BLADE 
INSERT BIT 
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More cutting surface on bottom keeps the 
bit from walking, in hard rock, for straighter 
hole to load, and less strain on your drill. 

Equally effective in air or water drilli 
the 4-blade unit, requiring the replacement of 
only a 4-blade shank, is interchangeable with 
the popular 3-blade units, in the same type 
“Blue Demon” Bit Body . .. with bodies avail- 
able for all popular sizes and styles of drill rod. 

Alloy bar flats, to speed break-out, are 
welded to the precision machined, heat-treated 


steel bodies, available for box or pin connection. 

The tough, forged tool steel blades, with 
high quality tungsten carbide inserts, welded 
by special process to cutting surfaces, are re- 
placeable on the drill . . . permitting the use of 
many sets with a single bit body. 

A unique grinding procedure on the blades 
produces the superior cutting edge, which per- 
mits faster rotation on bottom...for more 
efficient drilling, at lower cost per foot of hole. 

Four-blade insert bits are now available, 
in popular sizes, from all authorized “Blue 
Demon” stock points. Try a set on your next 
hard-rock location. 
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DuPont announces... 


the new LC ORD” 


(TRADEMARK) 


the first practical, flexible, accurate means for 
Sequential Shooting and Matching Velocities 
BETTER SIGNAL, LESS NOISE, NO “GHOSTS” 


Here’s real news for seismic operators! 

Now you have a new tool for improving the 
signal-to-noise ratio and eliminating “ghost” 
reflections—a tool that’s practical, flexible 
and accurate! 

Sequential shooting and matching velocities 
are widely accepted methods of accomplishing 
these ends. Now the new “Etcorp” Delay 
Unit by Du Pont gives you the accuracy and 
convenience to make those methods practical 
in your operations. 


Practical! 


Designed for use with Du Pont “Nitramon” S, 
“Evcorp” Delay Units can be coupled quickly 
and easily into rigid charges that can be 
loaded even in badly blocked holes. They’re 
unaffected by water. Can be “slept” indefi- 
nitely. Impervious to heat or cold. Highly in- 
sensitive to shock and friction. Immune to 
static electricity. Firing is by means of a 
“Nitramon” S Primer at the top of the charge. 
No other primers are necessary because an 
“Etcorp” Delay Unit will detonate either 
“Nitramon” S or another unit. 
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Delay Unit 


Flexible! 


“ELcorp” Delay Units are five feet long and 
can be assembled into charges of any desired 
length. Greater spacings between the “Nitra- 
mon” S sections, in multiples of five feet, may 
be obtained by screwing two or more units to- 
gether. Delays of 0.50, 0.75, 1 and 2 milli- 
seconds provide matched velocities between 
2,500 and 10,000 ft./sec. The amount of ex- 
plosive per delay can be varied from one 
pound to whatever is wanted, merely by 
changing the number of “Nitramon” S cans 
between the “Etcorp” Delay Units. 


ELCORD’ 


Accurate! 


All devices previously offered for sequential 
shooting and matching velocities have been 
inherently inaccurate, and some have been 
subject to wide variation depending on bore- 
hole conditions such as hardness of the mate- 
rial in which the hole is drilled, presence or 
absence of water, etc. By contrast, “ELCoRD” 
Delay Units are accurate to +3% and are 
unaffected by borehole conditions. When you 
match velocities with “ELcorp” Delay Units, 
you know exactly what you are doing. 


TRY IT NOW...in your problem areas 


With the new convenience and accuracy pro- 
vided by “Etcorp” Delay Units, Sequential 
Shooting and Matching Velocities are now 
more attractive than ever for seismic explora- 
tion where conventional methods do not give 


satisfactory results. 

Your Du Pont representative can give you 
full details. Or write: Explosives Department, 
E. I. du Pont de Nemours & Co. (Inc.), Wil- 
mington 98, Delaware. 
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1. Seismo-Writ Photorecording Paper. A 
fast, easy-to-read paper available in stand- 
ard sizes and in two types — Type B 
(standard weight) and Type W (all-rag, 
extra-thin). Seismo-Writ is packaged in 
strong, durable, easy-to-handle metal con- 
tainers. All rolls are sealed in waterproof, 
foil bags for safe storage of paper before 
you use it, and for the records after the 
shot is made. An address label is provided 
for mailing convenience. 


2. CRONAR* Recording Film. Relative 
speed (tungsten) 30. 


3. Lino-Flex 1. Relative speed (tungsten) 10. 


Both of these films are on Du Pont’s exclu- 
sive CRONAR* polyester photographic 
film base, which offers such important 
advantages as: unexcelled strength, excep- 
tional dimensional stability and flexibility, 
rapid drying. 


For more information on our Seismic 
line, write: E. I. du Pont de Nemours & 
Co. (Inc.), Photo Products Department, 
Wilmington 98, Delaware. In Canada: 
Du Pont of Canada Limited, Toronto. 

*Du Pont's trad k for its polyester photographic films. 


This advertisement was prepared exclusively by Phototypography. 
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UNITED'S 
Advanced 
Research 
Assures 
Reliable Surveys 


N IMPORTANT COMPONENT OF UNITED'S Integrated Service is a continuing 
program of Advanced Research. The purpose of UNITED'S Advanced Research is to 
assure more reliable surveys in service to the oil industry —from instrumentation 
to interpretation. UNITED'S research is pledged to the development of basically new 
techniques; betterment of present methods, equipment and instruments; and improvement in 
interpretation of geophysical data by conducting fundamental studies. For reliable 
geophysical surveys, use UNITED'S INTEGRATED SERVICE. 


UNITED 
Seismograph * Gravimeter - Magnetometer 


ALBERTA. CANAD 
r4 P 


TCIENTIFIC DATA PROCESSING ADO CARA ELA Sar 
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NEW PRODUCTS AND SERVICES 


ROLL FILES FOR EXTRA 
LARGE SHEETS 


To meet the need for a protective file 
for maps, prints, drawings or logs of un- 
usual length, Plan Hold Corporation has 
introduced a Roll File of unique stack 
design. Made of sturdy steel, the basic 
unit, containing 4 pasteboard tubes, has 
an “add-on” feature which permits stack- 
ing from floor to ceiling. Thus the roll 
file can be expanded in line with need, 
both upwards and sidewise. 


The tubes are 2 54” in diameter, avail- 
able in lengths from 24” to 60” at 6” in- 
tervals. Four such tubes are housed in 
each steel unit, which includes a drop 
door with snap closure. These doors pro- 
vide for slip-in cards to identify the ma- 
terial filed in each tube. The cards are 
supplied in white and 11 other colors as 
an aid to ready identification, adaptable 
to whatever catalog system the user pre- 
fers. 

The basic unit, including 4 tubes in a 
steel housing with door, retails for only 
$5.95 in the minimum 24” length. The 
price of greater lengths increases propor- 
tionately. Complete information and 
prices are available from the manufac- 
turer, Plan Hold Corporation, 5204 Cha- 
kemco St., South Gate, California. 


RADAN GUIDES AIR SURVEYS 


Aerial exploration of remote or faceless 
areas of the earth now can be done at a 


fraction of the time and cost of older meth- 
ods, say geophysicists of Aero Service 
Corp., Philadelphia. Radan, a new radar 
Doppler aid to navigation produced by 
General Precision Laboratory Incorpo- 
rated, is the answer. It guides the survey 
plane over jungle, desert, muskeg or 
water—without ground stations. 

The worldwide mapping and explora- 
tion company estimates that Doppler nav- 
igation cuts survey time by 40%. It re- 
duces costs by 50% or more, compared 
with other radio-guided surveys. It per- 
mits air surveys over areas previously con- 
sidered too difficult—or downright impos- 
sible. 

Most airborne geophysical surveys or 
photographic sorties require flying a grid 
of parallel lines, so that the coverage of 
the earth’s surface will be systematic. The 
Radan system’s computer is so constructed 
that at the end of a flight line, a signal is 
given to the pilot that the line is com- 
pleted. Then a button can be pressed so 
Radan navigator guidance will next be 
provided to the pilot for executing a turn 
into the succeeding line, which will be 


evenly spaced 
fiducial marks 
closure J 
error 


Doppler computed offset 
— 


AREA LACKING PHOTO 
OR MAP COVERAGE 


End point error of a line segment 
will be less than one part in one 
thousand of length and 0.2 


AREA COVERED degrees in azimuth 


BY AERIAL PHOTOGRAPHY 


offset by a pre-set distance. When the 
pilot completes his turn, he again follows 
his Pilot Direction Indicator and settles 
down precisely on the new line, parallel 
to the first line and offset by the desired 
distance. This sequence is followed many 
times until the survey is completed. 

For more information, please call or 
write: Robert Sohngen, Aero Service Cor- 
poration, 210 E. Courtland St., Philadel- 
phia 20, Pa., GLadstone 7-3000, Ext. 246 
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TRANSISTORIZED MAGNETIC 
RECORDING SYSTEM 


A new portable magnetic recording 
and playback system, complete in a single 
case and weighing only 60 pounds, has 
been developed by Techno Instrument 
Company, Los Angeles. 

Called the TI-551, the system is de- 
signed primarily for use in seismic ex- 
ploration. It provides 24 data channels, 
one timing channel and two auxiliary 
channels. All recording and playback as- 
semblies, power supply and controls are 
contained in an aluminum case for hand- 
carrying or for mounting in a recording 
truck. 


Using a 12-volt DC power source, the 
TI-551 records the output from any con- 
ventional seismic amplifier and requires 
only .5 ma signal current for full modula- 
tion. The response is essentially flat from 
20 to 200 CPS, and is phase corrected 
within | ms over this range. Features in- 
clude internal switching for Record or 
Reproduce operation, a metering circuit 
for checking essential voltages, built-in 
frequency standard for motor drive and 
timing signals, and circuits for remote 
control operation. The fully-transistorized 
unit requires no warm up time before op- 
eration. Recording medium is a standard 
Techno TI-410 or TI-510 six-second re- 
cording sheet. 

The TI-551 is designed for field use to 
augment Techno’s 50-channel TI-400A 
system for laboratory or playback center 
use. It is fully compatible with all other 


11 


Techno systems. For detailed  specifica- 
tions, write to J. M. Cunningham, 
Techno Instrument Company, 6666 Lex- 
ington Avenue, Los Angeles 38, Cali- 
fornia. 


GEOPHONES 


Southwestern Industrial Electronics 
Company, a Division of Dresser Indus- 
tries Inc., announces the introduction of 
its new S-23 Geophone. The S-23-series 
high-sensitivity geophones have been de- 
signed to combine the advantages of high 
performance, low cost and quick, easy 
field service in any land or marsh applica- 
tion. Standard models have natural fre- 
quencies of 14, 18 and 28 cps, and models 
with natural frequencies ranging from 7 
to 75 cps are available to special order. 


$-23 geophones are contained in a her- 
metically sealed steel case containing an 
inert gas to prevent condensation, insur- 
ing long life under severe environmental 
conditions. A steel cap with extended 
flanges supports the leads where they 
emerge, minimizing possible fatigue 
breakages due to repeated short-radius 
bending. A new, highly efficient magnetic 
structure achieves high output sensitivity 
with no weight increase over previous 
models. Improved spring design gives ex- 
ceptional lateral stability, reducing spur- 
ious response from horizontal energy. 
Flexible, plug-in leads facilitate field test- 
ing and replacement without the need 
for soldering. Simplicity and ruggedness 
throughout endow the S-23 with outstand- 
ing life expectancy, enabling SIE to ex- 
tend its guarantee to two years on stand- 
ard models. Southwestern Industrial Elec- 
tronics Co., Box 13058-G, Houston 19, 
Texas. 
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WITH ONE PIECE OF EQUIPMENT 


The “Thumper” weight dropping method of seis- 
mic exploration is proving more valuable each 
day to foreign and domestic companies in their 
continual search for oil. Economy and speed of 
operations are obtained by eliminating the use 
of drilling rigs, water trucks, and the cost of rock 
bits and explosives. Superior record quality is 
obtained with modern magnetic tape recording 
and playback equipment. 


The Geograph method has been proved for all 
terrain and conditions, from the frozen Canadian 


muskeg to gulf waters and the sands of far- 
eastern deserts. 


Call McCollum for your seismic exploration 
needs, 


1025 S. Shepherd ¢ P.O. Box 13148 ¢ Houston 19, Texas 
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Or, why Electro Tech must keep up to date 


We must constantly produce a line of geophysical products that 
are better than those offered by anyone else, in concept, quality 
and price. 


To do this, we must maintain a staff of top-flight experts. 


To keep our experts tops, we must constantly offer opportunities 
to better their knowledge and understanding. 


To offer such opportunities, we must maintain the finest possible 
facilities . . . 


THAT is one reason why more than twenty percent of our production 
last year was in the field of custom instrumentation. 


. . Those are the reasons why we maintain our lead in the field. 


ELECTRO-TECHNICAL LABS 
Division of Mandrel Industries, Inc. 


P. O. Box 13243 Houston 19, Texas 
Cable Address: ELECTROTEX 


OFFICES . U.S.A. Houston + Lafayette » Tulsa EUROPE Paris, France CANADA+ Calgary, Alberta 
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Wherever you prospect... 
you'll find an ATLAS DISTRIBUTOR 


We look at it this way: If you can get there, we 
can get a full line of explosives, blasting agents and 
accessories to you. For best results and best read- 


ings, rely on your Atlas Distributor. 


ATLAS EXPLOSIVES 
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GEOPHYSICS 


SCATTERING OF SHEAR WAVES BY SPHERICAL OBSTACLES* 


LEON KNOPOFFt 


ABSTRACT 


The problem of the scattering of plane S waves by a perfectly rigid, infinitely dense sphere is 
formulated. Calculations are made for the case in which the medium outside the sphere has a Poisson’s 
ratio of 3. The range of sizes of obstacles used in the calculations includes radii very small compared 
with the wave length and radii comparable to the wave length. The scattered wave motions include a 
P mode and two S modes. One of the S modes has a formal correspondence to the SH mode of plane 
seismology; the other corresponds to the SV mode. At large distances from the obstacle the scattered 
P and S fields are computed together with the phase shifts in time occurring in all the components. 
For small obstacles, the scattered azimutha! S component is circularly symmetric; the scattered 
meridional S component diffraction pattern is generally elongated in the direction of propagation; 
the scattered P component is generally broadside to the direction of propagation. 


INTRODUCTION 


The results of calculations of the scattering of a plane, monochromatic 
longitudinal wave by an isolated rigid sphere imbedded in an infinite homogene- 
ous, elastic medium have been given in a preceding paper (Knopoff, 1959). In the 
present paper we compute the scattering of a plane, monochromatic, transverse 
wave by a single, isolated, dense, rigid sphere and give the directivity patterns 
in the far field. The Poisson’s ratio for the elastic solid will be assumed to be }. 


THE SCATTERED WAVE FUNCTIONS 


The incidence of plane polarized S waves gives rise to scattered fields of three 
genera: These are the scattered P wave field and two possible polarizations of 
S wave fields. In order to solve this problem satisfactorily, we introduce the 
three solutions to the vector wave equation I(r, 0, @), m(r, 6, ¢) and n(r, 4, $). 
These three functions are (Stratton, 1941, p. 414-416) 

. m COS 1 
lemn = Sn(Rpr)Pn mb + — Zn(Rpr) — Pa(u) . mod (1) 
9 or sin r 06 sin 
m — 
sin 0 cos 

* Publication No. 120, Institute of Geophysics, University of California. Manuscript received by 
the Editor August 25, 1958. 

t Institute of Geophysics, University of California, Los Angeles, California. 
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sin or os 

where ks =w/v,, and 8, and where rm, 6; and are the unit 
vectors in the appropriate directions. The subscripts e and o refer to the even or 
odd nature of the function of ¢. In addition the spherical Bessel function z,(x) can 
either be, for our case, the functions j,(x) or k, (ix) (Knopoff, 1959). These func- 
tions form a complete set, the 1 wave functions corresponding to the scattered 
P waves and the m and n functions corresponding to the incident and scattered 
S waves. 

Let the oncoming disturbance be a plane S wave of displacement, of frequency 
w and having unit amplitude and polarized in the x-direction, 


U = x, exp i(wit — &,2), (4) 


where z is the direction of propagation and defines the system of polar co-ordi- 
nates. This incident field can be written as a sum of spherical wave functions 
(Stratton, 1941, p. 419) 

2n+1 

U = ——— [arn + (5) 

n=0 n(n + 1) 
The scattered field, in order to match up boundary conditions at the surface of 
the sphere r=a, will have to be made of the field components n,;,, M,i1,. Com- 
paring the @ dependence of these quantities with the 1 series we see that the set 
will be complete if we use the 1,;, terms. All others will have zero coefficients by 
symmetry. Thus we write the total field outside the sphere as 


U= > & rs + + = iF + cams (6) 
P 


n=0 


where ap, 5,, Cc, are the undetermined coefficients of the wave functions and 
2n + 1 
n(n + 1) 


The superscripts (1) and (2) refer to the incident wave functions 7,(x) and the 
scattered wave functions k,(ix) respectively. The dimensionality of the wave 
functions n and m defined in equations (2) and (3) differ by one order of distance 
from the dimensionality of the 1 functions. Thus it has proved convenient to 
introduce a factor k, in the first term of equation (6) in order to preserve the 
dimensional homogeneity of the entire expression. All spacewise functions are 
to be multiplied by e***, 


F, = 
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The boundary conditions are, at r=a, for the case of an infinitely dense, 
perfectly rigid sphere, 


U, = Up = U4 = 0. (8) 


To find the coefficients dn, b,, and c,, we ihe the scalar products of equation (6) 
with 1,2) sin sin and sin respectively and _inte- 
grate over @ from 0 to x and over ¢ from 0 to x. This is the standard technique of 
determining the coefficients in a harmonic series. The function sin @d6d@ is the 
element of surface on the unit sphere. All Bessel functions will be ultimately 
evaluated at the surface r=a. In order to apply this method we have first to 
reinvestigate the orthogonality relations. 

As might be expected, taking the scalar product of equation (6) with 1{, 
ni), and m{? gives no additional information and yields expressions con- 
sistent with the expressions obtained from the first product procedure. 


ORTHOGONALITY RELATIONS 


Stratton (1941, p. 417-418) has obtained orthogonality relations among the 
1, m, and n functions for the cases in which the wave velocities v, and 2, are the 
same, i.e., for the electromagnetic case. In our case, using the same procedure as 
that of Stratton, we have, for arbitrary radius r, 


+ (n + 


f 1° sin odode 
_ (n + 1)? 


Ry [hn — (10) 


(n+ 1)? 
(n+1 1)? kp[Rn— (ik pr) + |, 


f f m:,, sin 
(2) 
f f sin 
0 0 
mon sin 6d6d@ 


SCC 
(2n + 1)? 
© 
= 0, (12) 
= Q, (13) 

(14) 
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=<. m.., sin 6dédd = 


2 1)? 


f sin 6d6dd = 0, 
0 0 


2rin?(n + 1)? 
(2n + 1)? 


[(n 1) (Ror) |, (18) 


(1) + 1)? 
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Applying the boundary conditions (8) and the orthogonality seaieine (9) 


to (20) to the scalar products of expression (6) with 12), n2 and m®), we obtain 


the three simultaneous equations 
2 2 
+ (n + 1)Rn4i(ix)| 


+ byn(n + — Rng 
+ in(n + + Rng = 0, 


-(ix)R, i(7y) (iy) | b,[(n + 1) + nk+s(iy) | 
+ iF, [(m + 1 — = 0, 
iF njn(y) 0. 


The quantities x and y are 
x = kya, y = kha. (24) 


The constants c, appear only in equation (23). Thus the m modes are de- 
coupled from the other two and correspond to the SH modes in the reflection of 
plane waves from a plane interface. On the other hand the SV and P coupled 
modes correspond to the n and 1 modes respectively. All these modes are excited 
since the incident plane wave contains both the m and n types of shear modes. 

Solving the above expressions for the constants a,, b,, and c,, we obtain 
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(2n + 1)? 
2n 1 
n(n 1) A, 
2n+1 


n(n + Hi k,,(iy) 


b, = (—1)* - [nkn- jn4i(y) — (9 + 1) (y)], 


Gi — (-i) 


where 

An = + (m + 1)Rngilix) (iy). (28) 
The solution for the value of a, has been simplified by appropriate use of the 
identity 


Buns (iy) Jnvi(y) Rnsi(ty) Jn—i(y) (29) 


which is derived from the more familiar expression for the Wronskian 
1 


kn(iy)jn'(y) — = — - 
y~ 


Thus the complete scattered field is 


= ria, — k(ikpr) P,(u) cos + 0,4, P, cos 


n=0 p Or n=0 pr 


r sin 6 


1 
ki(ikpr) Pn(w) 2 n(ths 
> Oidn - : sing + riban(n + 1) P.(u) cos 


1 


sin 


1 
— > od, (ik, Abe — sin 
n=0 


1 
P,(u) 


sin 6 


THE FAR FIELD 
For sufficiently large values of the variables k,r and k,r, we may approximate 


e~ ikpr 


k,,(ikpr) 


IR pr 


(32) 


Okn(ikpr) (33) 
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etc. Thus the expression (31) for distances large compared with wave length 
becomes 


cos dn Pn (u) 


pr n=0 


€ ike? 


— 6, — cos Pp. (u) + itn - 
k sin 6 


sin 6 


1 
n=0 


The problems of geophysical interest are those describing the scattering of 
seismic waves from inhomogeneities whose dimensions are small compared with 
the wave length. In the calculations presented here, the scattering is computed 
for a group of obstacles whose dimensions range from small fractions of a wave 
length to dimensions comparable with wave length. The angular distributions in 
the radiation field at distance, for the amplitudes of the scattered u,, ue, and 14, 
have been computed for a Poisson’s ratio of } and for radii x=0.1, 0.5, 1.0, and 
a/2. For these radii, it is found that summations out to »=6 suffice for compu- 
tational accuracies of the order of one part in 10°; i.e., the series have, for practical 
purposes, converged when n= 6 for these radii. 

For radii less than x=0.1, it is sufficient (Knopoff, 1959) to use the asymp- 
totic values of the formulas for small radius. For this purpose we compute the 
asymptotic quantities 

Qn ! 
n(2n + 2)\(2n — 2)! 


i n+ (n+ | 


(35) 


n + (nm + 1)(y/x)? 


Lim b, = (y/x)"*? Lim a,, (36) 


z—0 z~—0 


2"n! 2 
Lim c, = | — [1 — (37) 


(2n)! n(n + 1) 


where a, and y, are certain functions of m only, which do not vanish for any 


positive integral values of n. 
The dominant terms in the expressions, thus, are the terms corresponding 


to a, and };. These lead to the scattered fields, for small radius, in the far field: 


z—0 


U = — ra; - sin 6 cos @ — sin cos¢@ + sing, (38) 
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+ 2(y/x)*] 


1+ 2y/x [1 + 


3a(y/x)* 3a*[1 + 2(y/2)*] 


1 + 2(y/x)? [1 + 2(y/x*)}? 


In Figures 1 to 6 respectively there are plotted the quantities 


(y/x)?. 
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—— O° PHASE SHIFT 


Fic. 1. Angular distribution of the in-phase radial component of the displacement in the far 
field Re(U,/x cos @) scattered by a dense, rigid sphere for an incident plane S wave. 
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Fic. 2. Angular distribution of the out-of-phase radial component of the displacement in the 
far field Im(U/x? cos @) scattered by a dense, rigid sphere for an incident S wave. 
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Fic. 3. Angular distribution of the in-phase meridional component of the displacement in the far 
field Re(Ue/x cos #) scattered by a dense, rigid sphere for incident S wave. 
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lic. 4. Angular distribution of the out-of-phase meridional component of the displacement in 
the field Im(U@/x? cos ¢) scattered by a dense, rigid sphere for an incident S wave. 
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Fic. 5. Angular distribution of the in-phase azimuthal component of the displacement in the 
far field Re(Uy/x? sin @) scattered by a dense, rigid sphere for an incident S wave. 
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INCIDENCE 


Fic. 6. Angular distribution of the out-of-phase azimuthal component of the displacement in the 
far field Im(U4/x? sin ¢) scattered by a dense, rigid sphere for an incident S wave. 


Re (U,/x cos ¢), Im (U/,x? cos ¢), 
Re (U¢/x cos ¢), Im (U¢/x? cos 9), 
Re (U,4/x sin 9), Im (U,/zx? sin ¢). 


The solid curves represent responses in phase with the incident wave measured 
from the time of arrival of the incident wave at the center of the sphere; the 
dotted curves are responses 180° out of phase with the incident wave. Inthe 
case of the imaginary terms, the solid and dotted curves represent 90° leads and 
lags respectively. The curves are doubly circular in the u, and uw» components at 
the small radius extreme of the spectrum. The ug component shows singly circular 
patterns in this limit. Multilobed radiation patterns are observed as the radii of 
the obstacles are allowed to increase. 

The corrections to the radiation pattern for the case of a perfectly rigid 
spherical obstacle with finite density are obtained by equating the inertial force 


90° 
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of the moving sphere to the force on the sphere due to the elastic stresses. The 
corrections due to the rigid body motion are found only in the first order in the 
solution of equation (31). 
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OFFSHORE SINGING—FIELD EXPERIMENTS 
AND THEORETICAL INTERPRETATION* 


G. C. WERTH,{ D. T. LIU,$ anp A. W. TROREY$ 
ABSTRACT 

At some locations offshore, seismic records degenerate into nearly sinusoidal waves or simple 
combinations of nearly sinusoidal waves despite the fact that the recording may be made with little 
or no seismic filtering. Results from field experiments indicate that this “singing” phenomenon is 
caused by the reflections themselves exciting an acoustic resonant layer formed by the ocean surface 
and bottom. A simple theoretical model predicts the mode of excitation and the frequency, depth, 
and range dependence which are verified by controlled field experiments. 


INTRODUCTION 


In the course of normal seismic production work, offshore areas are sometimes 
found in which the seismic record assumes the appearance of a sine wave or a 
simple combination of sine waves. This degeneration of seismic records exhibiting 
good events along a line into records showing little but sine waves can occur with- 
out any change of shooting conditions or recording parameters, including filter 
settings. The term “singing” will be used to describe this phenomenon, and it 
can appear on seismic records in the extreme form described or in varying degrees 
grading into good records. 

Burg, Ewing, Press, and Stulken (1951) established an empirical relation be- 
tween the frequency of the singing and the water depth. The theoretical model 
developed in their paper is handicapped by the fact that no amplitude informa- 
tion on singing was available to them, inasmuch as their work was based solely 
on production seismograms recorded with automatic gain control. 

In 1955, the California Research Corporation conducted field experiments 
on singing with the aid of specially designed equipment capable of preserving 
true amplitude and phase information. It was hoped that with such controlled 
experiments an understanding of singing could be more fully developed than was 
possible for Burg and his coworkers. It is the purpose of this paper to present 
these experimental field results and their interpretation. 


EXPERIMENTAL EQUIPMENT AND PROCEDURES 


A two-channel reproducible recording system was specially designed and built 
for this work. The system preserved amplitude information and had a flat fre- 
quency response from 10 to 5,000 cps. As detectors we used barium titanate 
transducers equipped with cathode followers at the transducers in order to 


* Paper read at the 28th Annual International Meeting of the Society at San Antonio on October 
13, 1958. Manuscript received by the Editor September 23, 1958. 

t Radiation Laboratory, University of California, Livermore, California. 

t IBM Research Center, Yorktown Heights, New York. 

§ California Research Corporation, La Habra, California. 
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minimize cable losses. The gain of the amplifiers could be increased in steps at 
specified times after the time break. By monitoring one or two shots on an oscil- 
loscope, one could adjust the gain stepping controls so that on subsequent shots 
sufficient gain was available at all times. A frequency-modulated tape unit was in- 
corporated in the system. No filters were used on recording. 

The equipment was placed aboard a conventional offshore seismic boat. The 
experimental cable was tied to the production cable, and the production shots 
were recorded by the experimental equipment. Special shooting for research 
purposes was carried out in a singing area. To determine the effect of offset, the 
recording boat was anchored, and the experimental transducer was held a fixed 
distance away from the recording boat. The shooting boat dropped charges at 
4-mile intervals up to one mile. To obtain depth information, the offset was held 
constant, and the detector was lowered 10 ft between shots until the bottom was 
reached. 

Because simultaneous recordings were made on production and experimental 
equipment, it was possible to observe the singing effect on normal seismic records 
and also to obtain broad band amplitude information as a function of offset 
and depth. This broad band information is essential to the development of an 
understanding of the phenomenon. 

A cathode-ray oscilloscope and a high speed camera were used to obtain play- 
backs in the laboratory. Other playbacks were made on an oscillograph equipped 
with 3,300-cps galvanometers. Filtering was done on playback for some particular 
types of analyses. 


THE ROLE OF THE REFLECTIONS 


Singing has been defined as the phenomenon that produces sinusoidal seismic 
records, or records showing simple combinations of sinusoids. Figure 1 shows four 
traces from four conventional seismic records, which illustrate the transition 
from a nonsinging area into a singing area. The A221 record is taken a half-mile 
from records I 37, I 38, and I 39, which are successive shots. The filters are the 
same in all cases. The dominant frequency on the singing records is the third 
harmonic of a fundamental whose wave length is four times the water depth. 

The records produced from the special equipment are shown in Figure 2. The 
upper two panels were recorded at constant gain for the entire record. There is 
some clipping and saturation in the amplifiers immediately following the water- 
break arrival. The water arrival was clipped so that there would be sufficient 
gain for later times on the record. Allowances have been made in the interpreta- 
tion for this clipping. Much of the interpretation is based on record character 
around one second on the near traces. At that time there is no clipping or 
saturation. 

The top panel in Figure 2 shows the low frequency-refraction arrival. High 
frequencies appear with the water arrival as expected. The center panel is filtered 
in the same manner as the production record below it. The singing is evident. 
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Fic. 1. Singing-record comparison AGC, normal seismic filtering. 


There are long trains of sinusoids. The frequency corresponds to the third har- 
monic of a fundamental whose wave length is four times the water depth. Very 
little energy of any other frequency is present on the records. 

The most striking thing about the record is that the sinusoids do not have their 
maximum amplitude at the water break and tail down to nothing, as would be 
expected from the paper by Burg and his coworkers. Rather, they come and go— 
build up, remain constant, and die down. The simple concept that singing is 
caused by entirely water-borne energy which is repeatedly reflected by the sur- 
face and bottom in the vicinity of the shot is not supported by the amplitude 
data of these experiments. 

Experimental indications of the cause of singing for this area can be obtained 
by examining what happens to a known reflection event on approaching the sing- 
ing area, and by measuring amplitudes and moveout within the singing area. 
On normal production records, outside the singing area, an excellent event comes 
in a little after one second. As one approaches the singing area, the event becomes 
less distinct, and the AGC records degenerate into sine waves. This event, of 
normal appearance outside the singing area, seems to appear on the special ex- 
perimental records in the singing area as an event having a dozen or so cycles 
that build up, remain constant, and die down. This hypothesis is supported by 
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Fic. 3. Moveout of the event at one second. 


measurement of the moveout. Figure 3 shows that the moveout of this event at 
one second has the appropriate value for this reflector, whether measurement is 
made at the start of the event or at the time of its maximum amplitude. We will 
return later to this figure to discuss the delay required to reach maximum 
amplitude. 

Amplitude criteria are applied to the event in Figure 4. Although the data are 
scattered, simple geometrical spreading (amplitude decreasing inversely with the 
distance traveled) fits the data about as well as any other curve. We conclude, 
from moveout and amplitude measurements and from the manner in which a 
reflection degenerates in a singing area, that the reflections themselves may be 
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Fic. 4. Amplitude of the event at one second. 
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playing an important role. We are led experimentally to the hypothesis that the 
reflections excite the singing. 


THEORETICAL SOLUTIONS 


The next step in the analysis is a theoretical study of the experimental results. 
Two parts are involved: (1) to show that energy coming from a point source and 
remaining completely in a water layer cannot cause singing and (2) to show that 
energy reflected from a deeper horizon can cause singing. 

The first theoretical solution was given in a paper by Liu (1956) presented to 
the Annual SEG Meeting of 1956.* He derived an expression for the amplitude as 
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Fic. 5. Model for extended source solution. 


a function of time for a point impulsive source in a water layer. If reasonable 
values of water depth, reflection coefficient, velocity, and the like are assumed, 
the amplitude decays 80 db in about one second. This result means that energy 
remaining solely in the water layer in the vicinity of the source cannot be re- 
sponsible for singing after a half-second or so has elapsed. 

The second theoretical solution is much simpler and follows from elementary 
acoustic theory. For convenience we shall refer to it as the extended-source 
solution. For deeper reflections, we can represent the returning wave front suf- 
ficiently accurately as a plane wave parallel to the ocean floor. The model shown 
in Figure 5 is assumed. We seek a wave-equation solution in regions I and II 
subject to the boundary conditions of pressure release at the surface and of con- 
tinuity of pressure and particle velocity at the bottom. A plane pressure wave 
is assumed to be traveling upward and striking the bottom at zero time. The 
solution, obtained by the Laplace transform method, is outlined in the Appendix. 

The transient solution shows that the upward-traveling wave proceeds to the 


* To be submitted for publication. 
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surface, is reflected with a polarity reversal, travels downward to the bottom, is 
partially reflected according to the conventional reflection coefficient formula, 
travels back up to the surface, is again reflected with polarity reversal, and so 
on until the energy is spent. This result is valid for any shape of excitation, of 
short or long duration. 

Sezawa (1930) obtained a similar solution to explain why the ground motion 
from earthquakes depends on the near-surface layering. The steady-state solution 
of the same problem yields the odd-harmonic frequency relation and the standing 
wave configuration with depth. 

FREQUENCY AND DEPTH DEPENDENCE 

It remains to be shown that the experimental frequency and depth depend- 

ence is in accordance with the theoretical extended-source solution. The triangu- 
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lar wave shapes on the broad-band recordings indicate odd harmonics. Playbacks 
through filters yield the same result. The experimentally observed resonant fre- 
quencies are plotted as triangles and circles in Figure 6 as a function of water 
depth. The solid lines are the theoretically predicted frequencies. The agreement 
is seen to be adequate. 

Some ambient noise strips were played back through filters, and the same 
odd-harmonic dominant frequencies were found. This result should not be sur- 
prising, because all that is necessary to excite the singing is an extended source. 
Ordinary ocean waves are one such source, providing they are at least partially 
of the standing wave type. Longuet-Higgins (1950) proposed them as a source 
of microseisms. His paper shows that under suitable conditions odd-harmonic, 
vertical standing waves would be set up in the water layer by horizontal, standing 
surface-gravity waves. 

Thus we find that both broad-band records and narrow-band playbacks show 
odd harmonics, whatever the source of energy. The amplitude of the shot-excited 
singing, of course, is much higher than that of the preshot singing. 

The steady-state solution shows a sinusoidal depth-dependence of amplitude 
for the various harmonics. The data exhibiting this are shown in Figure 7. A 
minimum does seem to appear at two-thirds the depth. A true null would be 
obtained only with steady-state excitation. For wave trains of finite length, 
minima rather than nulls will be found, as can be demonstrated by the transient 
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solution. A fairly long duration wave-train excitation is required in our case be- 
cause the minimum in Figure 7 is approaching a true null. 

It is important to observe, in Figure 2, that the singing requires a finite time 
to build up to its maximum amplitude. One of our colleagues, W. C. Knudsen 
(1957), pointed out that if in the theoretical analysis we allowed the shot energy 
to be repeatedly reflected in the water layer before going to a deep reflector, the 
excitation f(¢) would have a preferred frequency—namely, the same as that of 
the singing. With such an excitation we can easily compute the time required to 
reach the maximum amplitude of the singing. The result is shown in Figure 3. 
Although the theoretical delay is consistently less than the observed delay, it is 
of the correct order of magnitude. 


THEORETICAL WAVEFORM AFTER GCING THROUGH SEISMIC FILTER PASSING ONLY THE THIRD 
cont (THE SIGNAL SPECTRUM IS ASSUMED CONSTANT IN THE PASS BAND OF THE 
FILTER 


EXPER IMENTAL WAVEFORM 1/8 MILE RANGE |.5 SECOMDS. THE INCREASED AMPLITUDE IN 
THE LAST PART IS INTERPRETED AS A SECOND REFLECTION ADDING ON TO THE TAIL OF 
THE FIRST. THIS EFFECT 1S NOT SHOWN IN THE THEORETICAL WAVEFORM, 


Fic. 8. Comparison of theoretical and experimental wave forms. 


Figure 8 shows a direct comparison of the theoretical and experimental wave 
forms. The excitation included the effects of repeated reflections in the water 
layer before reflection by a deep reflector. Recording conditions are assumed in 
accordance with the field practice used for the records displayed in Figure 2. 
The surface reflection coefficient was taken to be —1.0, although in rough 
weather the effective value would be less. The bottom reflection coefficient was 
calculated from the measured bottom velocity of 8,300 ft per sec and an assumed 
density of 2.6. These values of reflection coefficient control the amplitude buildup 
in accordance with equation derived in the Appendix. The original shot-wave 
form is assumed to have a flat spectrum in the pass band. Reasonable agreement 
between the transient theoretical solution and the field record is obtained. 


DISCUSSION 


Theory and experiment point toward the concept that the water is acting as 
a resonant acoustic layer. Theoretically, an extended source excitation is required 
in order to have sufficient amplitude. Reflections from deep reflectors are one 
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such extended source. Experimental evidence that the reflections are serving as 
excitation for the layer are (1) the existence of good events outside the singing 
area, and the tailing out of the events as the singing area is approached; (2) 
moveout and amplitude measurements in the singing area are proper for reflec- 
tions; (3) the delay to maximum amplitude and the wave form in general are in 
agreement with theory. The experimentally observed frequency and depth de- 
pendence are supported by the extended source theory. 

It appears, therefore, that the term ‘“‘wave guide” is a misnomer. This near- 
source singing—singing within the range of a normal seismic spread—has nothing 
to do with wave-guide action. it is true that if measurements are made at suf- 
ficient distance away from the source, dominant frequencies resulting from wave- 
guide action would begin to appear. This phenomenon has been described by 
Pekeris (1948), Worzel and Ewing (1948), and Knudsen (1957), among others. 
Although wave-guide phenomena have been recorded on production seismograms 
(Howell and Kean, 1953), it appears not to be the phenomenon recorded in the 
production shooting associated with this experimental work. 

A word of caution is in order. We have seen offshore records from other areas 
that are highly sinusoidal but do not fit the interpretation given in this paper. 
In some cases the observed frequency does not fit the frequency-depth relation 
given here. Evidently several phenomena can cause sinusoidal records. We have 
described only one such situation obeying the odd harmonic frequency-depth re- 
lation for which adequate field data are available. 
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APPENDIX 


THEORETICAL SOLUTION OF THE WAVE EQUATION WITH 
EXTENDED SOURCE EXCITATION 


The theoretical problem is to determine the pressure field in the water layer 
due to an incident wave coming through the ocean bottom. To a first approxi- 
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mation we may assume the reflector to be deep enough so that the incident wave 
front is essentially plane. See Figure 5 for definitions of z, H, p, c, and y. 
The pressure field p(z, ¢) is determined from the wave equation 


where u is the particle velocity. The boundary conditions are 
pi =0 atz= 
pi = p2 at 


and 

uy, = at 2= 
The initial condition is a pressure wave /(/) traveling upward striking the bottom 
interface s=H when ¢=0. Let s be the Laplace-transform variable. If a bar is 
used to indicate Laplace transforms, the equations become 


= f 


The subscripts 1 and 2 refer to the water and bottom respectively. The Laplace 
transform of the pressure field in the water layer which satisfies the system of 


equations is 
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The equation was obtained by assuming a sinh form for ;, and an exponential 
form for p2. The arbitrary coefficients were evaluated in the customary manner 
using the boundary conditions. If we expand the pressure field in terms of an 
infinite series, the equation becomes: 


{exp | - (= (Qn + 1)H — :) | 


+ 1 n=0 
— exp | - (2 (2n+ 1)H + :) | A 


p2c2 — pic 
+ pici 
The inverse transform of the pressure field is: 


(Q2n+1)H 27 (2n+ 1)H —2 
fit- = 0 when 
Cy Ci 


(n+ 1)H+2 


C1 


This result is the transient solution of the pressure variation in the water 
layer. It enables us to calculate the shape of the pressure wave, for any depth z, 
water depth H, and reflection coefficient R, if the shape of excitation f(¢) is known. 

It should be pointed out that the result has been derived without making any 
specific assumptions about the shape of the excitation /(¢). Hence this equation 
applies for any f(¢) we may wish to investigate. 

In order to get the amplitude spectrum of the present system, we refer back 
to the equation for J;. We obtain the amplitude spectrum 
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after substituting the parameter iw for s and unity for f(s) in the equation for y. 
It can be shown readily that the peak amplitudes occur at the odd harmonic 
frequencies of 


(2n — 


: = 
2r 
where 
n= 2 3; etc. 
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WATER REVERBERATIONS—THEIR NATURE AND ELIMINATION* 


MILO M. BACKUS{ 


ABSTRACT 


In offshore shooting the validity of previously recorded seismic data has been severely limited by 
multiple reflections within the water layer. The magnitude of this problem is dependent on the thick- 
ness and the nature of the boundaries of the water layer. 

The effect of the water layer is treated as a linear filtering mechanism, and it is suggested that 
most apparent water reverberation records probably contain some approximate subsurface structural 
information, even in their present form. 

The use of inverse filtering techniques for the removal or attenuation of the water reverberation 
effect is discussed. Examples show the application of the technique to conventional magnetically re- 
corded offshore data. It has been found that the effectiveness of the method is strongly dependent 
on the instrumental parameters used in the recording of the original data. 


INTRODUCTION 


In marine seismic operations, the water-air interface is a flat, strong reflector, 
with a reflection coefficient close to —1. In many areas the water-bottom inter- 
face is also a strong reflector. We then have an energy trap—a non-attenuating 
medium bounded by two strong reflecting interfaces. A pulse generated in the 
trap, or entering the trap from below, will be successively reflected between the 
two interfaces, with a time interval equal to the two-way travel time, and an 
amplitude decay dependent on the reflection coefficients. As a result, valid pri- 
mary reflections from depth are obscured by previously established reverbera- 
tions. 

This water reverberation problem was first recognized on the basis of the 
apparent periodicity of a suite of seismograms from the Persian Gulf and was 
treated for the one-layer case by wave-guide theory (Burg et al., 1951). Since 
then, singing records have been recognized as a serious and widespread limitation 
to the acquisition of valid subsurface structural information, particularly in the 
Persian Gulf and in Lake Maracaibo. The problem has also been recognized in 
the Gulf of Mexico and off the coast of California, and it is present to some 
degree in any marine operation. 

The water reverberation problem has been examined experimentally in model 
studies by Sarrafian (1956). The equivalent problem for a dipping bottom was 
studied and utilized in the interpretation by Poulter (1950) in his Antarctic 
studies. 

In the first part of this paper, the water reverberation problem is examined 
approximately as a linear filtering problem. The predicted effect of the water 
layer on seismic data is discussed on the basis of this analysis. In the second 


* Paper read at the 28th Annual International Meeting of the Society at San Antonio on October 
16, 1958. Manuscript received by the Editor December 3, 1958. 
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section, experimental data on the nature of water reverberation records is pre- 
sented. Finally, the use of inverse filtering to eliminate or reduce the water re- 
verberation effect is discussed and some examples are presented. 


MARINE SHOOTING IN TERMS OF LINEAR FILTERING 


It is useful to regard the reflection seismic method as an attempt to obtain ap- 
proximately the impulse response of the subsurface to vertically travelling energy. 
The amplitude peaks in the impulse response are then interpreted in terms of 
subsurface layering. Filtering of the impulse response in the instruments, neces- 
sary for a satisfactory signal-to-noise ratio, results in a degradation of the data 
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Fic. 1. Summary of marine-reflection technique in terms of linear filtering. 


as does filtering in the ground due to frequency dependent attenuation. The 
water layer in marine work may be regarded as an additional undesirable and 
extremely sharp filter which is acting on the data. A picture of the factors acting 
on the data in marine work which may be considered approximately as filtering 
effects is provided in Figure 1. The actual order of occurrence is shifted for clarity 
in developing the final form of the seismic signal. 

The marine seismic source, typically 15 to 25 lb of high velocity dynamite 
detonated 4 to 6 ft below the surface, produces a disturbance which may, on the 
seismic time scale, be regarded essentially as a positive pressure impulse (Cole, 
1948). The reflection from the water-air interface is presumably small due to the 
loss of energy in cavitation. The pressure pulse reverberates within the water 
layer, producing a series of pulses. The signal is further shaped according to 
the position of the transducer with respect to the free surface, and this effect will 
be treated as a separate filtering effect. The ringing signal is also transmitted into 
the subsurface and simply reflected back into the water layer. This is the portion 
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of the filtering process which provides the desired data. Upon their re-entry into 
the water layer, arrivals from the subsurface ring again. Primary reflections thus 
essentially pass through two sections of the water-layer filter. Similarly, section 
multiples may essentially pass through a number of sections of the water-layer 
filter. The data then passes through the instrumental filters and conventionally 
is nonlinearly treated by automatic gain control. 

The water-layer filter not only constitutes a sharply ringing filter but one 
with characteristics which vary along the line. The records we obtain are then 
similar (except for a compounding effect on section multiples) to what we could 
obtain by using a very ringing filter on land records, varying the filter from 
profile to profile. 


The Water-Layer Filter 


d,= pressure transducer depth. 


d, = water depth. 
7,=2d,/V.~= two-way travel time between seis and water surface. 
Tw = 2d,/V~=two-way travel time between water surface and water bottom. 


Vipi— Vup 
R=——_“= reflection coefficient of water-rock interface. 
1pi+ V whe 
71:=2d:/Vi:=two-way travel time between ocean bottom and subsurface 


reflection. 


V 2p2—Vipi 
= reflection coefficient at subsurface interface. 


Vopet+ Vipi 


Consider an upward travelling impulsive plane wave, entering the water layer 
from below, arriving at Z=d, at ‘=0 (Figure 2). The transducer output would 
represent the successive reflections between the two interfaces and would be of 


the form, 
g(t) = 6(t) — 6(t — 7.) — — tu) + — — 
+ R*6(t — 27.) 
— — (—1)"*R%(t — — 1) 


n=0 n=0 


f(t) — f(t 1); (1) 


1 


f() = ¥ (—1)*R"6(t — ntw): (2) 


n=0 


For an impulsive input to the water layer, g(t) is measured as the output. Equa- 
tion (1) thus represents the impulse response of the filter equivalent to the 
effect of the water layer and the measurement position. This filter may be broken 
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Fic. 2. Schematic diagram of a water layer (Vw, pw) bounded above by a perfect reflector Ro=—1, 
and below by a hard bottom of reflection coefficient R. 


up into two parts: (a) that which is independent of transducer depth [equation 
(2)], and (b) the filtering effect due to the relationship between seismometer 
and the free surface. We shall consider that part of the filter which is independent 
of the means of recording as the water-layer filter. 

The equivalent frequency response may be obtained from (2). 


F(w) -f (—1)"RO(t — 
— n=0 


x 


(- 1)"Rre~ inet 


n=0 
which is the binomial expansion for 


1 
Fy) 4 
(w) (4) 
| F(w) | = (1+ R? + 2R cos [wr,|)-/?, (4a) 
R sin (wrw) 


¢(w) = tan-! 


(4b) 
1+ R cos (wry) 


In the limiting case of a perfectly rigid bottom, R=1 and equation (4a) be- 


comes 
WT w | 
| F(w) |rar = | 1/2 sec 


which blows up at the resonant frequencies, 


(2n — 1)V. 
In (6) 
corresponding to equation (2) in the article by Burg et al. (1951). 

Equation (4a) is plotted in Figure 3 for a water depth, d,=100 ft, for two 
cases: R=1, and R=0.5. The water layer is equivalent to a sharply peaked 
comb filter with resonance at a fundamental frequency of 123 cps and at the 
odd harmonics 37 cps, 62 cps, 87 cps, etc. If we recorded data which had been 
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passed through this filter, using a pass-band from 20-55 cps, we would essentially 
obtain a 37-cps sine wave. Often the energy returning from the subsurface is en- 
riched in certain frequencies, and the filtering due to seismometer depth is gently 
peaked. Thus we would expect often to obtain a nearly pure sine wave even on 
a wide-band recording. 

For different water depths the frequency scale in Figure 3 is merely expanded 
or compressed. As R , the ocean-bottom reflection coefficient, changes, the degree 
of peaking at resonance changes. For an incident plane wave travelling at an 
angle i with the vertical, the effective filtering of the water layer is given by 
replacing 7, in equation (4) by ry cos 7. 

If the ocean bottom is acoustically soft, that is, if R<0, inspection of equation 
(4) shows that the same shape filter is obtained except that the frequency scale 
must be shifted f=V,/4d, cps to the right. For the limiting case, R= —1, 
equation (4a) becomes, 


| 1 (= 7 
(w) |ra-1 = CSC “*) (7) 


which blows up at the resonant frequencies, 
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Fic. 3. Filtering effect of the water-layer trap. 
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In addition to a resonance at f=0, we have resonance at a fundamental and all 
harmonic frequencies. For the case illustrated in Figure 3, resonance occurs at 
0, 25, 50, 75, 100 cps, etc. The nature of one example of a thin, acoustically soft 
layer on a lake bottom has been discussed by Jones et al. (1958). 

The same results may be obtained in a straightforward manner by the use 
of the wave equation and the appropriate boundary conditions. 


The Filtering Effect of Seismometer Depth 


The complete alteration of the signal in equation (1) was broken up into two 
parts. We shall now examine the filtering which is associated with the transducer 
position relative to the free surface. As shown in equation (1), the effect of pres- 
sure-seismometer depth is equivalent to a filter with an impulse response, 


= — — 7). (9) 


This merely expresses the fact that for an up-travelling wave, the pressure trans- 
ducer in a homogeneous half-space sees the direct arrival and the inverted re- 
flection from the free interface. The frequency response of this filter is, 


F,(w) = f — 6(¢ — 7.) 


(10) 


| F p(w) | | (10a) 


¢,(w) = (10b) 


Similarly, for a velocity seismometer at depth d,, the filtering effect would be of 


the form, 
Fy(w) = 1 + (11) 


The amplitude and phase response [equation (10) ] is illustrated in Figure 4 
for seismometer depths of 10 and 25 ft. Phase lag is positive. The effect of this 
filter on seismic reflection character is also illustrated in Figure 4, which shows 
vertical reflection energy recorded from a vertical pressure spread, using auto- 
matic gain control. The predicted increase in low frequency response .with in- 
creasing seismometer depth is apparent. It may also be seen that small variations 
in seismometer depth are less significant when the peak of the seismometer re- 
sponse is somewhat to the right of the signal spectrum. For this reason, and 
because of the general shape of the filter, a pressure seismometer depth of 10-15 
ft is most commonly used in marine work. 


Effect of the Water-Layer Filter on Subsurface Reflections 


We now shall consider the effect of the water layer on the seismic reflection 
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Fic. 4. Filtering effect of seismometer depth for a pressure seismometer. 


process in the simple case in Figure 5 in which there is a single subsurface re- 
flector. Consider the injection into the system of a downward travelling impulsive 
plane pressure wave, at /=0, s=d,. In addition to the signal trapped in the water 
layer [of the form in equation (1) ], we would measure energy reflected from the 
subsurface interface. The initial arrival will be of the form 


filt) = (1 — R*) — 11 — tw + 1), (12) 


where (1—R?) is the two-way transmission coefficient at the water-rock interface. 
At t= [rit(n+1) twtr], (n+1) in phase arrivals, reflected up from the sub- 
surface once and reflected upward from the water-bottom n times, will be de- 
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Fic. 5. Schematic diagram of the same conditions as shown in Figure 2 with the 
addition of a single subsurface reflector of reflection coefficient R:. 


tected. The pressure signal resulting from all events singly reflected from the 
subsurface interface will thus be of the form 


g(t) — — 
(13) 
= (1 — (—1)"(n + — — (wn + ty + 
n=0 
Similarly, by considering all possible ray-path segments with associated re- 
flection and transmission coefficients, and summing in-phase arrivals, we can 
formulate the complete expression for the signal picked up by the transducer. 


g(t) + — fit Ta)s 


f(t) 2 (—1)"#1R8(t — +7.) + (—1)4(1 — R2)G- 


(j — k)!n! 
In equation (14) the jth term represents all energy which has been reflected up- 
ward from the deep interface 7 times. The Ath term for a particular j represents 
all energy which has been reflected upward j times from the deep reflector and 
has suffered k downward reflections from the water-rock interface. The nth term 
in the inner sum represents the energy for a given j and k which has been multiply 
reflected m times in the water-layer trap. The multiplier, 


(n+j—k)! 


(j— 


represents the number of different permutations of the different ray-path seg- 
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Fic. 6. Ray paths corresponding to particular terms in equation (14). This illustrates the basis 
for the initial increase in amplitude of the water reverberations due to an initial arrival from depth 
when the water-bottom coefficient is greater than 0.5. Looking at the upper example, the initial 
arrival from depth would have an amplitude of R; (1—R?). The ratio of the second reverberation to 
the initial arrival would then be 3R?, since there are three independent permutations of the ray-path 
segments which constitute simultaneous in-phase arrivals. Thus if R? is greater than 4, the second 
water multiple from a primary reflection will have higher amplitude than the initial arrival from the 
primary reflection. 


ments for a given j, k, n. In Figure 6 the ray paths (distorted to a point source 
for clarity) corresponding to several particular terms in equation (14) are illus- 
trated. 

The only term in equation (14) which represents a desired signal is the 
(j=1, k=0, n=0) term of the second sum. The other terms all represent ringing 
due to the water-layer filter and section multiples. 

This formulation becomes cumbersome in more complex multilayered cases, 
but it is quite convenient for examining the amplitude relationships for the 
different kinds of arrivals. Amplitude as a function of time for the arrivals cor- 
responding to 7=0, 1, 2, 3 is plotted for R=0.3, 0.5, and 0.7 respectively in 
Figures 7-9. The cases plotted are for Ri=0.1, 71=57w. However, the results for 
different values of Ri and 7; may be conveniently obtained merely by shifting 
the curves. For example, to obtain the results for 71=10.67,, each curve is 
shifted 5.67 units to the right. To obtain results for 71=57y, Ri=0.2, all curves 
are shifted 67 decibels upward. 

The curve for 7=0, which represents the energy which never leaves the water 
layer, shows simple exponential decay, 
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Actually, the curve for 7=1, which represents energy reflected upward only 
once from the subsurface, initially increases with time for R>0.5. The rate of 
decay for j= 1 is always less than that in equation (15), approaching (15) ast. 
Thus we would expect that subsurface reflected energy will always eventually 
become dominant over water confined energy, no matter how high R is, except 
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Fic. 7. Relative amplitudes and signs for terms 7=0, 1, 2, 3, Case 1. 
Calculated for a plane wave, subsurface attenuation neglected. 
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Fic. 8. Relative amplitudes and signs for terms 7=0, 1, 2, 3, Case 2. 
Calculated for a plane wave, subsurface attenuation neglected. 


when R=1. Furthermore, an inspection of Figures 7-9, considering reasonable 
values for reflection coefficients, suggests that, in general, subsurface reflected 
energy should become dominant early on most marine records. 

Section multiple reflection energy, illustrated for 7=2 and 7=3, shows a more 
pronounced increase with time. The initial peculiar behavior is due to inter- 
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ference between the reverberations corresponding to different values of k. How- 
ever, the energy for k=0 always rapidly becomes dominant, and it is the only 
significant energy involved at the point of maximum amplitude. Thus the domi- 
nant portion of the section multiple energy essentially passes through the water- 
layer filter 7 times. The mere presence of a perfect reflector at the air-water inter- 
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Fic. 9. Relative amplitudes and signs for terms 7=0, 1, 2, 3, Case 3. 
Calculated for a plane wave, subsurface attenuation neglected. 
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face increases the expectation of section multiples over that encountered on land. 
However, the enhancement or compounding of section multiples by the water- 
layer filter is an even more significant factor. Section multiples involving more 
than one subsurface interface would be even more emphasized on marine records, 
due again to the existence of multiple in-phase ray paths. We should, therefore, 
expect section multiple energy to be very important on most marine singing 
records. 

By regarding the amplitude coefficient for a particular 7, k as a continuous 
function of m, we can predict the delay between the initial arrival and the point 
of maximum energy arrival. For example, for 7=1, the maximum amplitude, 
Vmax OCCurs at 


1 
= timex = E — — |. (16) 


The maximum amplitude is then, 


Vmax Ril R Re 3): (17) 

In Figure 9, the initial arrival from the subsurface is concealed by the water- 
confined reverberations. In this particular case, we would not pick the energy 
from the primary reflection until a time 27, to 37, after the initial arrival. In 
general, later initial arrivals of primary reflections would be buried under previ- 
ously established reverberations, and we would only read the data after it had 
undergone a number of reverberations within the water layer. This delay could 
easily be on the order of one second. A very small change in any of the reflection 
coefficients would change considerably the point on the record where we would 
read the data connected with any particular primary reflection. 


Structural Implications of a Conventional Singing Record Interpretation 


We can thus infer that a conventional interpretation of records in a singing 
area should give the following results. 


(1) Very shallow picks on the record might represent water-confined energy 
and hence give a simply exaggerated picture of the ocean-bottom struc- 
ture. In general, however, subsurface energy should become dominant 
early on the record. 

(2) When data connected with a given primary reflector are picked, they 
would often be considerably delayed in time and would be structurally 
biased by the water-bottom structure. 

(3) The records should lack continuity, and the dominant energy at any 
particular time would be connected with different subsurface reflectors 
as one moves laterally across a section. 

(4) Deeper structural indications would, in general, represent water rever- 
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berations excited by section multiples; hence they would show exaggerated 
shallow structure biased by exaggerated water-bottom structure. 

(5) True deep unconformable structure would be masked by reverberations 
connected with shallow reflectors. 


It is important to note, however, that in the case of a reasonably conformable 
subsurface, a flat water bottom, and large simple structures, sufficient structural 
information is included in the ringing records as they stand, to locate these 
structures approximately. The effect of the water layer on primary reflection 
energy is equivalent to the use of very tight ringing filters on land, except that 
the characteristics of the filter are changed from profile to profile. 


EXPERIMENTAL DATA ON THE NATURE OF WATER REVERBERATION RECORDS 


In Figure 10 a textbook-type example of the water reverberation problem in 
the Persian Gulf is provided. Water depth is 195 ft according to fathometer data. 
Successive arrivals with a constant time interval are very apparent. However, 
the time interval indicates a trap depth of 210 ft. Note that successive reflections 
are inverted due to the inversion at the free surface and lack of inversion at the 
water bottom. Velocities computed from normal moveout and the delta-T due to 
dip across the record are shown. 


Normal Moveout Data 


The results of a conventional normal movement analysis of 15 profiles from 
the Persian Gulf (Figure 19) are shown in Figure 11. Average velocities were 
computed by using straight ray-path formulae, and the vertical lines in Figure 11 
show the standard deviation. The computed velocity ranges from about 6000 to 
8000 ft per sec. There is no evidence for average velocity values of 5000 ft per 
sec which should be present if purely water-confined energy were dominant on 
any part of the record. The actual velocity as a function of depth is not well estab- 
lished for this area, but it is expected to be of the order of 7000 ft per sec to a 
depth of 1000 to 1500 ft, and interval velocity below that depth should increase 
with depth from an initial value of about 10,000 ft per sec. On the basis of Figure 
11, it may be inferred that energy associated with the very shallow section 
(reverberations set up by primaries and section multiples) is dominant over the 
first 1.0 to 1.5 sec, with deeper penetration dominating in the interval from 2 to 
3 sec. 

An additional suite of more than 200 profiles from an entirely different water- 
reverberation area were similarly analyzed with similar results. The measured 
normal-movement velocities were consistently intermediate between expected 
values for subsurface primaries and purely water-confined energy. 

It is concluded on the basis of normal moveout that the dominant data on 
nearly all of the water-reverberation records we have studied represents water 
reverberations connected with reflections from the subsurface and that the 
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AVERAGE VELOCITY (FT./SEC.) 


CENTER TRACE TIME (SECONDS) 


Fic. 11. Average velocity versus center trace time from a normal 
moveout analysis of the profiles shown in Figure 19. 


travel path is made up of the ordinary subsurface travel path plus a path repre- 


senting a large number of successive reflections within the water layer . 

A more striking example of the normal moveout criterion is supplied in 
Figure 12 in which the singing is not nearly as obvious as in the previous exam- 
ples. This record was dynamically corrected for the expected normal moveout 
for primary events. Up to about 0.5 sec the events have quite excessive normal 
moveout, in this case actually close to that for a 5000-ft-per-sec average velocity. 
At about 0.6 sec, an event appears with nearly the proper normal moveout, and 
successive reverberations connected with this subsurface reflection may be seen 
following. This sort of behavior is very common in areas where a moderate 
singing record problem is present. 

The utility of dynamically corrected record sections is immediately apparent 
for this type of work where normal moveout constitutes a significant criterion in 
the identification of events. 


Frequency Analysis 


The Fourier transform of four segments of the fourth trace of the profile 
illustrated in Figure 10 was computed. The amplitude as a function of frequency 
is displayed in Figure 13. Amplitude coefficients were computed at 1-cps intervals 
over the range 45 cps to 63 cps, and at 3-cps intervals over the rest of the range 
from 6 to 120 cps. The pass band through which the data had been filtered 
previous to analysis was about 20 to 120 cps including the pressure transducer 
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Fic. 12. A moderate water reverberation record dynamically corrected for expected true section velocity. 
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RELATIVE AMPLITUDE 


FREQUENCY (CYCLES PER SECONDS) 


© - POINT CORRESPONDING TO PREDICTED REVERBERATION FREQUENCY 


Fic. 13. Frequency analysis of four segments of Trace 4, Figure 10. 


response. Seismometer depth was 25 ft, and the effective response of this filter is 
shown in Figure 4. Water depth was 195 ft. Accepting 42 cps and 54 cps as reso- 
nant frequencies of the water-layer filter, we predict resonances at 6 cps and all 
odd harmonics plotted as open circles in Figure 13. The sharply peaked response, 
particularly at 42 and 54 cps, is quite apparent on all segments of the record. 
The data fits the concept of regarding the water layer as a filter if we accept a 
trap depth different from that indicated by the fathometer. This difference has 
been found generally to be quite common in the Persian Gulf and has been at- 
tributed to the presence of a thin, soft layer overlying the hard bottom. The high 
frequency fathometer sees the top of this thin layer as the first dominant re- 
flector, while the lower seismic frequencies are most affected by the hard bottom 
interface. : 

In Figure 13, the complete. dominance of the harmonics at 42 and 54 cps 
cannot be explained at all on the basis of instrumental filters and can only be 
partially explained on the basis of seismometer depth. This dominance is at- 
tributed to the relative enrichment of frequencies from 30 to 60 cps in the energy 
returning from the subsurface. The relative complexity of the spectra is additional 
evidence indicating the importance of the energy returning from the subsurface. 


Amplitude Decay Data 


In Figure 14, several traces from a constant-gain recording in the Persian 
Gulf, and amplitude-versus-time measurements taken from that recording are 
shown. A plot of amplitude decay with the effect of spherical divergence approxi- 
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mately removed is also shown. By comparison with Figures 7-9, it may be seen 
that Figure 14 cannot be explained on the basis of water-confined energy, but is 
reasonably consistent with the concept of dominant subsurface excited re- 
verberations. 


Structural Evidence 


Purely water-confined reverberation energy should show structure corre- 
sponding approximately to an exaggeration of trap-bottom structure, the extent 
of the exaggeration increasing with time. On a particular profile, apparent dip 
should increase regularly with time. Reverberation energy excited by subsurface 
reflections, on the other hand, should be biased by water-bottom structure but 
should also contain subsurface structure. On a particular profile, dip-versus-time 
should be made up of segments showing local change as a function of time con- 
trolled by water-bottom structure, but it should be displaced in absolute value 
from the dip predicted from water-bottom structure. However, a study of these 
factors has not led to a definitive conclusion based on structural evidence. 
Structural behavior may be examined in the Persian Gulf record section (Figure 
19) in which the fathometer and trap depth data are shown. 


Conclusions 


The existence of the water reverberation problem is characterized by an ap- 
parent singing or dominant repetition interval on the records, by a sharply 
peaked frequency spectrum, by normal moveout intermediate between that ex- 
pected for the true section velocity and that expected for water velocity, and by 
an abnormally slow energy decay. Experimental data confirms the prediction 
that the dominant energy is connected with subsurface reflected energy and is 
consistent with the concept of regarding the water-layer effect approximately 
as a linear filtering effect. 


REMOVAL OF THE WATER REVERBERATION EFFECT 


Referring to Figure 15, the water-reverberation effect can be regarded as a 
linear filtering effect rather than noise. The desired primary reflection data passes 
through two sections of the water-layer filter, with transfer function 


1 2 
K(w) = }. 18 
«) = (18) 


If no non-linear processes are involved in recording the signal, by passing the 
recorded data through the inverse of the filter in equation (18), the desired 
primary reflection data may be recovered in its original form. The frequency re- 
sponse of the required inverse filter, H(w), is defined by 
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H(w) = (1 + Re-t*)?, (19) 


The difference between this filtering concept and the usual seismic filtering 
concept requires emphasis. In general, we record a desired seismic signal, f(t, x), 
to which is added noise, N(¢, x). The characteristics of f and N are examined in 
terms of frequency and wave-length. We then use a filter with a pass band limited 
to the region where F(w)/N(w) is large, or we design a multiple-seismometer 
array with a pass band where F(k)/N(k) is large. We filter out those frequencies 
or wave lengths where the signal-to-noise ratio is low and accept the resulting 
degradation in the signal. An equivalent approach to singing records would be 
to regard the water reverberations as noise, and use a narrow band-pass filter 
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lic. 15. Block diagram contrasting the water reverberation and the seismic noise problems. 


253 
or 
: 
; 
time 
‘ 
Re x 


254 MILO M. BACKUS 


fitted between two resonant peaks of the water-layer filter, or to use an arbitrary 
comb-notching filter to eliminate the reverberation frequencies. In the case of 
the water-reverberation problem, this sort of approach would often result in ex- 
cessive degradation of the desired signal. By using the inverse filter, on the other 
hand, the primary reflection events should be recovered with the wave form 
which would have been obtained if the water layer had been removed. 

Section-multiple reflections are not removed by this inverse water-layer 
filtering, nor are the reverberations from section multiples completely eliminated. 
However, the reverberating energy from section multiples is considerably at- 
tenuated, while valid initial arrivals from primary reflections are not attenuated. 
The compounding effect of the water layer on section multiples is reduced con- 
siderably. The effect of the inverse filter in equation (19) on the m, 7, & term in 
equation (14) is a reduction by the ratio, 


(2 -+j —k)(n+j —k —1) 


which represents also the increase in the ratio of primary reflection amplitude 
to the amplitude of energy connected with section multiples. For example, in 
Figure 9, the amplitude of the reverberations due to the first section multiple 
would be attenuated by 22 db at (//r) =18, and by 33 db at (¢/r) =25. 

To obtain the impulse response of the required inverse filter, we transform 
(19) to the time domain, obtaining 


h(t) = 6(t) + 2R6(t — r) + R°6(¢ — 2r). (20) 


The frequency response of the required filter is shown in Figure 16 for a 
water depth of about 200 ft and for a bottom coefficient of 1.0 and 0.5. The phase 
response of the filter is particularly interesting. In applying inverse filtering to 
a set of records it is necessary to determine whether the dominant reverberation 
problem is due to an acoustically hard or soft bottom, and it is necessary to deter- 
mine the effective trap depth and the water-bottom coefficient for each profile. 

The seismometer-depth filtering effect is of a similar form to the required in- 
verse filter. Thus if one recorded, in the case of an acoustically hard bottom, 
with velocity seises located at the bottom, the filtering effect is of the form 


= (1 + (21) 


which constitutes a notching filter with notches at the water-reverberation 
resonant frequencies. The same effect could be achieved in the case of an acous- 
tically soft bottom by the use of pressure seismometers at the trap bottom. There 
are serious drawbacks to this approach, in addition to the operational difficulties. 
First, particularly in hard bottom areas, the significant lower trap boundary is 
often deeper than the physical bottom. Thus dragging the seises on the physical 
bottom does not provide the desired result. Second, the use of seismometer depth 
to attenuate the water reverberations is a noise-filtering approach, and would 
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Fic. 16. Frequency response of the two-section inverse filter. 


often, particularly in deep water, be expected to produce excessive degradation 


of the desired signal. 


Discussion of Approximations 


The examination of the problem has been confined to the plane-wave case. 
On the later portion of the record, this analysis should nearly apply directly, 
since the reflected events at that time behave essentially as plane waves. On the 
early part of the record, and in the behavior of the water confined energy, the 
essential deviations of the point-source problem from the plane-wave problem are 
the following: 


(1) time differences due to normal moveout, 

(2) amplitude variations due to spherical divergence, 

(3) variations in the effective reflection coefficient due to the spherical wave 
front. 


Due to normal moveout, on the outer traces during the early part of the rec- 
ord, the interval between successive water reverberations should be less than 
that on the center traces. The interval should then increase with time, tending 
to the interval observed on the center traces. However, normal moveout effects 
may be removed from the outer traces by a number of available dynamic cor- 
rection devices. If the normal moveout is removed in a continuous manner, the 
point-source record may be changed as far as time relationships are concerned 
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to the approximate equivalent of the plane-wave case, except for some inter- 
ference effects. 

Due to spherical divergence, the amplitude decays as 1/r, where r is the 
length of the travel path. This factor could be approximately compensated for 
in data processing. Also the seismic amplitude suffers non-geometrical attenua- 
tion in the subsurface, whereas it suffers practically no non-geometric attenuation 
in the water. In Figures 7-9 these factors would increase the importance of terms 
with small 7 relative to those with large 7. These factors have a very significant 
effect on the results in Figures 7-9, but they do not alter the basic conclusions 
which have been drawn. 

For wave lengths large relative to the distance between the source and the 
ocean bottom, the ocean bottom has an effective reflection coefficient different 
from that of the plane-wave case and varying with frequency. The filtering error 
thus introduced would be greatest at low frequencies and in shallow water. For 
example, using a case discussed by Pekeris (1948, p. 49), the amplitude difference 
between the plane wave and spherical wave for the first reflection from the bot- 
tom would be about 12 percent at 20 cps for a 200-ft water depth. Because of this 
factor, one of the sections of the water-layer ‘‘filter’’ through which primary 
reflections pass deviates from the plane-wave case at low frequencies. 

The problem has been examined for flat, parallel boundaries. Slight dip or 
structure in the ocean bottom (which is greatly magnified on the reverberating 
record) reduces slightly the effect of the inverse filtering technique. Severe dip 
or structure in the trap bottom combined with a very high bottom-reflection co- 
efficient results in considerable complications and the problem is not amenable to 
inverse filtering techniques. 

A number of additional deviations of the actual case from the theoretical 
cases discussed are readily apparent. 


Examples 

An example of the approximate application of this inverse filtering technique 
to a textbook-type record is shown in Figure 17. The data were recorded with 
conventional automatic gain control, which constitutes a non-linear process, and 
R was set somewhat arbitrarily to one, using only a single section of the inverse 
water-layer filter. This record is from the Persian Gulf; water depth is about 200 
ft. These are 75-21 cps playbacks of a wide band recording. No dynamic cor- 
rections were applied for playback. 

In Figure 18, an example from Lake Maracaibo is provided. Note that the 
dominant frequencies on the unprocessed record are 30 cps and 58 cps; this in- 
dicates that the dominant reverberation problem was due to an acoustically 
soft bottom. 

Figures 19 and 20 are variable density record sections of a suite of records 
from the Persian Gulf, illustrating the approximate application of the inverse 
filtering technique. The suite consists of 15 profiles providing continuous sub- 
surface coverage of about 3.5 miles. 
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The data were recorded on magneDISCs from linear arrays of flat-response 
piezoelectric pressure transducers at a depth of 25 ft, using a 15-120-cps pass 
band and conventional automatic gain control. Figure 19 is a 75—21-cps playback 
corrected for observed normal moveout. That is, the dynamic corrections applied 
were larger than those for expected section velocity. The processed section 
(Figure 20) had the same dynamic corrections applied; hence valid reflection 
events should show reverse normal moveout. The inverse filtering technique was 
only approximately applied in the same sense as indicated for Figure 17. 


Discussion of Examples 


An examination of Figures 17-20 shows that approximate inverse filtering 
has removed the dominant singing effect or periodicity on the records and has 
brought out some apparent reflection events which were masked by the ringing 
on the unprocessed records. These uncovered events in general have less normal 
moveout than the dominant energy appearing at the same record time on the 
unprocessed records. This is particularly apparent in the reverse normal moveout 
of the events in the processed Persian Gulf record section. It means that the 
processed data at a given time represents deeper subsurface penetration. Some of 
the events on the processed records are probably initial primary reflection ar- 
rivals, and others are initial section-multiple arrivals. Insufficient velocity control 
is available to establish clearly which events are primary reflections. The quality 
of the reflections on the processed data is poor, and this is due in part to the 
fact that only an approximate application of the inverse filtering principal has 
been made. These comparisons illustrate what can be done in the data processing 
of conventionally recorded marine seismic data. 

For the optimum application of this technique special high fidelity recording 
is necessary. The non-linear AGC must be eliminated or optimally minimized. 
The amount of signal attenuation in inverse filtering may be as high as 30 db 
in extreme cases, for example, in the “dead” areas on the processed record in 
Figure 17. Thus this data-processing technique truly requires the full dynamic 
range available on today’s magnetic recorders. 


CONCLUSIONS 


Experimental and theoretical evidence indicates that on the majority of 
singing records the dominant energy represents water reverberations excited by 
reflections from the subsurface. Singing records in untreated form thus contain 
some structural information about the subsurface. 

The effect of the water layer may be approximately treated as a linear filtering 
effect and thus may be removed or attenuated by applying the principle of in- 
verse filtering during data processing. The application of inverse filtering con- 
stitutes a practical production technique which, under ideal conditions, approx- 
imately results in the elimination of the dominant apparent ringing on marine 
records, the recovery of primary reflection events with the wave form which they 
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would have had if the water-rock interface had been removed, and a substantial 
increase in the ratio of valid primary reflection events to section multiple energy. 
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MEASUREMENT OF THE THICKNESS OF THE EARTH’S CRUST 
IN THE ALBERTAN PLAINS OF WESTERN CANADA* 


T. C. RICHARDSf D. J. WALKERt 


ABSTRACT 


Following seismic observations in the Albertan Plains from the Ripple Rock explosion, a refrac- 
tion line some 81 miles long and parallel to the frontal thrust of the Rocky Mountains and about 
60 miles to the east thereof was observed by two-way shooting. 

Fifteen seismic parties, spaced at roughly uniform intervals along the line and using the method of 
close geophone correlation, were employed, the object being to map as many refractors or reflectors 
as possible as far as the Mohorovicic discontinuity. The results indicate that this discontinuity occurs 
at a minimum depth of 43 km where the velocity is about 8.2 km/sec, while an intermediate layer 
with a minimum depth of 29 km and velocity 7.2 km/sec has been registered. Other intermediate 
refractors were observed. These results are compared with those obtaining in other parts of the 
American continent and elsewhere. 

The operational, instrumental, and theoretical aspects of the work are discussed. 


INTRODUCTION 


On April 5, 1958, a total charge of 1,375 tons of high explosives was fired at 
Ripple Rock, British Columbia, at an average depth of 40 ft below the surface of 
the rock. Measurements of the arrival of seismic waves from this source were 
made by members of the Dominion Observatory and by a few seismic parties 


under the auspices of the IGY Committee of the Canadian branch of the SEG 
at a number of stations between Ripple Rock and Medicine Hat some 620 miles 
to the east. 

From the information so obtained together with that from earlier determi- 
nations in the vicinity of Ripple Rock itself, it was hoped to obtain new evidence 
as to the thickness of the earth’s crust along this profile which crosses the Canadi- 
an Rocky Mountains. However, in presenting the preliminary results, at the 
Canadian SEG on April 29, Dr. Willmore pointed out certain ambiguities in the 
interpretation and added that a good independent determination of the crustal 
thickness to the east of the Rocky Mountains and in an area near to one of the 
stations occupied by a seismic party would be of great value. 

It seemed to the authors that, with so many seismic parties operating out of 
Calgary, sufficient interest to set up a joint undertaking to carry out such work 
would be forthcoming; and as a result of several meetings, at which co-ordination 
of effort, instrumental requirements, and field procedures were resolved, a team 
of 15 seismic parties made the necessary measurements over a long refraction pro- 
file shot in reverse during the early hours of May 24. 


* Paper read at the 28th Annual International Meeting of the Society at San Antonio on October 
15, 1958. Manuscript received by the Editor October 16, 1958. 
t Triad Oil Company Limited, Calgary, Alberta, Canada. 
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FACTORS GOVERNING LENGTH OF PROFILE 

Both in small-scale seismic refraction exploration for buried high-speed sedi- 
mentary structure and in large-scale refraction for seismological probing of the 
depths to the Mohorovicic discontinuity (or base of the crust and designated M) 
it is recognized that at distances from the shotpoint, at which critically reflected 
waves may be theoretically expected, pronounced increases of seismic energy 
occur and it was decided, therefore, to ensure that the profile under discussion 
more than covered a predicted critical distance. Results obtained in continental 
regions of the United States and discussed by Tatel and Tuve (1955) had sug- 
gested a crustal thickness of some 30 km, and, by using average velocities of 
6.3 km/sec and 8.2 km/sec for the crust and the M-interface respectively, the 
critical distance was estimated to be about 80 km (50 miles). However, to allow 
for the possibility of the presence of high velocity material in the lower portion 
of the crust—the gabbro or basaltic layer as identified in seismic measurements 
in various parts of the world and referred to by Gutenberg (1955)—and to ensure 
that any high speed M-events, either reflected or diffracted, would lie on a sub- 
stantial segment of the time/distance curve, this distance was increased and, 
governed also by the choice of suitable shotpoints, became, in fact, 130 km (81 
miles). 

The location of this profile relative to the Rocky Mountains is shown in 
Figure 1, and it is seen that it lies parallel to the frontal thrust of the Mountains 
and about 60 miles to the east of it. Although it was recognized that two-way 
shooting along a profile extending towards the mountain range could be expected 
to yield information on any increase in crustal thickness in this direction, prac- 
tical considerations were such as to dictate a less ambitious program. Two of these 
considerations were 

(a) possible large energy dissipation at the westerly shotpoint in rocky semi- 

mountainous terrain and 

(b) possible poor radio communication over such terrain. 

Along the preferred profile, the geology and seismic velocities to the pre- 
Cambrian surface are known from a wealth of drilling data, and these factors 
could be used to good advantage in the analysis of the results of the experiment. 

Figure 2 shows the disposition of shotpoints and the geophone spreads occu- 
pied by the seismic parties. For ease of accessibility, the spreads all lie in a north- 
south direction along roads and, except at short distances from either shotpoint, 
the measured distance to each geophone may be assumed to apply to the straight 
line joining the shotpoints without sensible error. Geophone spread lengths varied 
from approximately two thirds of a mile to four miles. This variation depended on 
the number of suitable geophones available for any one party and the flexibility 
of geophone interval as determined by available spacers on the geophone cables. 
The principal desideratum, of course, was for each party to employ as many 
geophone stations as possible, as phase correlation would be resorted to in the 
identification of discrete seismic events. 
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INSTRUMENTATION 


Geophones and Amplifiers 
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equipped with 1-cps (VLF) and 10-cps geophones. In addition, Dr. Willmore had 
made available ten of his high impedance, one-cycle geophones, and it was hoped 
that by distributing these as far as possible among the parties a measure of energy 
attentuation with distance would be achieved. Five of the Willmore geophones 
were supplied with their own amplifiers, while it was necessary in the case of the 
other five to modify the imputs of conventionally low impedance amplifiers to 
ensure good matching. In addition, Dr. Garland of the University of Alberta 
was able to operate one station with a Willmore working directly into a galvanom- 
eter as normally used in recording earthquakes. 

It was known from “critical distance” work by Veytsman (1957) in the 
U.S.S.R. that a frequency of 10 cps should be effective, but the lower frequency 
geophone should perhaps yield a more representative picture of the ground 
motion. All conventional amplifiers were operated with A.G.C., with a minimum 
of low frequency attenuation and a cutoff above 30 cps. A camera speed as low 
as one inch per second was considered adequate (subsequent events proved this 
speed to be too low), the record to run for 50 sec; this allowed for a hundred- 
percent safety factor above the predicted arrival time of critically reflected 
M-events. 


Calibration of Recording Equipment 


There was no guarantee that the arrival of a particular event on all seismic 
traces would be characterized by a movement in the same direction; some equip- 
ment normally provided ‘“‘up” kicks while other equipment ‘‘down”’ kicks. It was 
essential, therefore, to resort to a calibration test. While this could be achieved by 
grouping all recorders and firing a nearby small shot, the large travel times in get- 
ting all the equipment into one locality militated against this procedure. After 
some experimentation, it was decided that a half-inch steel ball dropped from a 
height of 6 inches into a thick layer of grease on top of a geophone in place would 
be effective and give, it was hoped, at the same time a measure of overall response 
for the various recording systems. 


Shol points 

Charges of about 1,000 lb of conventional seismic explosive at each shotpoint 
were thought to be sufficient, given quiet observing conditions. In actual fact, the 
charges used were each 875 lb distributed in five holes at an average depth of 
70 ft and 50 ft apart. The remaining explosive was used in firing preliminary shots 
(a) to enable the observer suitably to adjust his amplifier gains for the larger shot 
to follow and (b) to provide information especially at the shorter distances if the 
larger shot were excessive. 


Radio 


The selection and testing of suitable time-signal apparatus required particular 
care, and experiments had shown that 40-watt Ernest Turner transceivers work- 
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ing on 1,652 ke and from a horizontal half-wave antenna 40 ft above the ground 
should provide good signal strength at 81 miles. However, in the event that signal 
strength from this antenna might be lessened at the time selected for shooting, 
long vertical antennas supported by weather balloons supplied by the Dominion 
Meteorological Service were erected, but it was not found necessary to use them. 
The shooting signal was a 250-cps tone, approximately 10 sec long, terminating 
with the shot instant. This frequency was selected to obtain a good response with 
the 125-cps galvanometers with which most observers were equipped. 


INSTRUMENTAL RECOMMENDATIONS FOR FUTURE INVESTIGATIONS 


Despite the fact that, for many observers, observing experience had been 
restricted to reflection surveys in exploration, 14 out of the 15 parties produced 
usable records, but some of these would have profited by changes in instrumenta- 
tion. In general, it seems that better quality records would have been obtained if 
the recording methods in refraction correlation shooting had been commonly ad- 
hered to. Other recommendations are as follows. 

(a) A geophone frequency of 10 cps is satisfactory. There is little change in 
frequency with distance beyond relatively short distances from the shot- 
point. From the 1-cps geophones it appeared that the frequency of the 
first onset at 3.5 km was about 25 cps, and at 130 km, 10 cps; at the lat- 
ter distance the frequency of the M-event was a little less, perhaps 8 or 
9 cps. At intermediate points where higher frequency geophones were 
used it would be unsafe to estimate the decrease in event frequency. 

The advantages of having many recording traces at each observing posi- 
tion were very striking. Identification of events from single trace charac- 
ter could lead to questionable interpretation. The ease with which appar- 
ent velocity could be used as a criterion makes the use of multiple trace 
recording mandatory. 
A camera speed of 1 inch/sec is too slow. The optimum speed should be 
in the range of 4 to 6 inches/sec when the recorded frequencies of 10 to 15 
cps would be sufficiently resolved. 
Shot instant transmission should be the best that can be devised. The 
radio communication adopted for the experiment would have been much 
improved if a third transmitter had been set up near the center of the 
profile and used to send correlation marks starting 15 to 20 sec after the 
shot instant. Some of the difficulties encountered in adequately recording 
time signals were the result of the variable efficiency of the various receiv- 
ing sets. 

THE TIME-DISTANCE CURVES 

The time-distance plots of as many significant energy bursts as possible 
throughout the seismograms are shown in Figures 3 (Shotpoint S) and 4 (Shot- 
point N). The significance has been rated good or fair depending on amplitude 
and lineup. 
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Observations from the South 


From Shotpoint S the nearest spread recorded the overlying Cretaceous sands 
and shales as first arrivals with a bedding velocity of about 3.6 km/sec. Later 
in the record and with a velocity of 1.5 km/sec, direct transverse onsets are well 
marked and show the characteristic phase reversal relative to the direct longi- 
tudinal events. Later still, a Rayleigh wave train enters showing appreciable 
dispersion; in Figure 3, the time corresponding to maximum amplitude of the 
group is plotted and yields a velocity of about 1.4 km/sec. The data are suffi- 
ciently good to provide a study of dispersion characteristics, but this will not be 
attempted in this paper. 

The diffracted or head waves from the Mississippian limestone at the top of 
the Paleozoic section enter as first arrivals with a velocity of 6.1 km/sec at 7 km, 
and these events persist to 125 km. Depth calculation for the Mississippian gives 
about 2 km which is the known depth from drilling data. Good events which 
enter after a mean interval of about 04 sec in the range 50 to 80 km and carrying 
a velocity of a little more than 6.2 km/sec are ascribed to the head wave of the 
pre-Cambrian which is known to be about 3 km from ground level. 

At still later times, bursts of energy yielding almost without exception appar- 
ent velocities significantly higher than 6.2 km/sec within the extent of the spread 
and, as far as can be judged by spread-to-spread correlation in some places, are 
believed to be associated with penetration into the pre-Cambrian or so-called 
granitic layer, but the data are inadequate to determine the depth of penetration. 


Although not specifically measured, differential weathering times along the pro- 
file could account for errors in velocity measurements of the deeper events, but 
throughout the profile from both shotpoints such errors should be either of a 
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random nature, in which case different spreads would yield a scatter of high and 
low apparent velocities; or, which is not likely, the errors should be such that the 
weathering increases consistently in one direction, in which case apparent veloci- 
ties measured in one direction of the profile would, in general, be higher than those 


measured in the reverse direction. If weathering be applicable, experience in the 
general area indicates over a distance of a few kilometers a time difference in the 
order of 10 milliseconds could be involved, but this is too small to satisfy most of 
the high velocity segments. Thus in the 4-km spread at a distance of 95 km the 
event at a mean time of 18 sec arrives with a velocity of 6.9 km/sec. If weather- 
ing were responsible in causing this value to be 0.7 km/sec too high, an unaccept- 
able time difference of 65 milliseconds would be involved. It seems well estab- 
lished, therefore, that the granitic layer is not uniform but increases its velocity 
with depth by significant amounts. 

At a distance of 125 km a good burst of energy has been assigned to the Con- 
rad discontinuity (designated C). It correlates with fair bursts back to 95 km, 
giving an apparent velocity of 7.5 km/sec. On the same spread at 125 km, an 
exceptionally good burst occurs at a time of a little more than 24 sec, and this 
has been ascribed to the M-interface. The event correlates well with good bursts 
back to 95 km where the velocity appears to have increased from about 8.1 km 
/sec to about 10 km/sec, thus suggesting that the events are reflected, at least 
at the shorter distance. 


Observations from the North 


From Shotpoint N the Cretaceous and Mississippian events are well marked, 
the latter yielding an apparent velocity of about 6.2 km/sec by correlation over 
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the greater part of the profile. This compares with the 6.1 km/sec recorded in the 
reverse direction and indicates a thickening of the Cretaceous beds to the north, 
and this is in accordance with the thickening from drilling data. The pre-Cam- 
brian events also appear to be in evidence. 

As noted above, apparent velocities of later events all give, in general, higher 
velocities, thus supporting the view that the velocity of the granitic layer in- 
creases with depth. 

At a distance of 132 km a strong burst of energy at 23.8 sec has been ascribed 
to the C-interface. The event correlates with good bursts back to 82 km and with 
fair bursts still farther back to 55 km. Its velocity is 7.0 km/sec in the range 105 
km to 132 km, but at the shorter distances the velocity tends to increase. A very 
strong burst occurs at 24.8 sec and 132 km, and this is considered to be the M- 
event which correlates with fair bursts back to 95 km. Its ultimate velocity is 
about 8.3 km/sec as against the 8.1 km/sec observed in the reverse direction. 

Reciprocal times for the main events in the reversed direction of shooting are 
in good agreement as indicated by the asterisks shown on the time-distance curves 
from Shotpoint S. 


Seismograms 

Figures 5 to 8 illustrate a few of the seismograms obtained under varying in- 
strumental conditions of number of traces, number of geophones, geophone fre- 
quency, and amplitude level; but all have been reduced to show the same camera 
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Shooting from the south, Figure 5 shows an excelient M-event across the 
record at 24.5 sec; but the C-event at 23 sec is weak for half the spread; the first 
onset is also weak over half the spread. 

Figure 6, shooting from the north, shows good energy in the first event and in 
the “reflection” lineup at 15 sec; this could be an M-event. The marked event 
with velocity of 4.0 km/sec at 10.5 sec correlates fairly well with the Cretaceous 
events at 3.5 km/sec observed nearer the shotpoint. Figure 7 is an example of 
readable events whose stepout velocity is questionable through an insufficiency 
of traces. 

Figure 8, shooting from the north, demonstrates that good C- and M-events 
may be obtained with only 100 lb of dynamite at a distance of 130 km which is 
close to critical for the M-event. 


DEPTHS TO THE CONRAD AND MOHOROVICIC DISCONTINUITIES 


The depth to the C-discontinuity has been determined on the assumption that 
the events recorded in the last 20 km or so relate to the head waves whose true 
velocity is the mean of 7.0 and 7.5 km/sec or about 7.2 km/sec. The component 
dip implied by this velocity difference and assuming an effective cross-velocity in 
the “granitic” layer of 6.2 km/sec is about 3° and in a direction contrary to the 
known, but smaller, dip of the pre-Cambrian. The mean depth between the shot- 
points allowing for the effect of the low velocity Cretaceous beds is about 29 km 
measured from the surface whose elevation is 1.0 km, as illustrated in Figure 9(a). 
Here the appropriate ray trajectories show that about 35 km of reversed coverage 
in the C-interface has been attained. 

The computation of the depth to the M-interface has assumed that the most 
distant events belong to the head wave with a velocity of 8.2 km/sec and that 
the effective velocity between C and M is 7.2 km/sec. The depth is 43 km and 
Figure 9(a) shows that only 9 km of reversed cover apply; this is rather small for 
matching velocities, and it would have been better if the profile had been ex- 
tended by 10 km at least. 

The time-distance curves show late, very high velocity segments suggestive of 
reflected events, and the theoretical curves of such events for both interfaces are 
shown plotted in Figures 3 and 4 for comparative purposes. Although at the short- 
er distances comparison is not possible, at the longer distances there are several 
instances of reasonably good agreement. 

In regard to the evidence for increases in velocity within this ‘‘granitic” layer, 
it should be appreciated that these refer to “bedding” planes and that the effec- 
tive cross-velocity in depth calculations may not be so significant. It does not 
appear, for example, that the effective velocity could be as much as the mean of 
6.2 km/sec and 7.2 km/sec (which would entail an increase of the Conrad depth 
by 7;km) ; for this would result in the distance for critical reflection lying well be- 
yond the limit of the profile at 130 km, and this is not admissible as it is believed 
from energy considerations (see later) that the critical distance must lie in the 
neighborhood of 100 km from the shotpoint. 
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Fic. 9(a). Crustal Section with ray trajectories to C- and M-discontinuities. (b) Variation of 
signal/noise amplitudes with distance for Palaeozoic and Conrad events; theoretical amplitudes for 
reflected Conrad events. 


ENERGY AND AMPLITUDE CONSIDERATIONS 


In the propagation of a longitudinal plane wave through a series of elastically 
homogeneous non-absorptive media, the wave energy at any point is dependent 
on the divergence of energy from the source or spread factor and the energy lost 
through reflections and refractions, either in the longitudinal or derived trans- 
verse wave types, at the series of interfaces. Gutenberg (1936) considers these 
factors and shows that, in the case of a wave reflected to the surface, its energy 
content is given by 


E=C— —-tani, 
L aL 

where C is a constant dependent on the strength of the energy source, L is the 

horizontal distance from the source at which the reflected energy arrives, 7 is 

the complement of the angle of emergence, and F is the product of all the factors 

giving the proportion of energy which remains finally in the reflected wave. 

The amplitude of the wave at the surface in the direction of propagation is 
proportional to the square root of £, but, in order to convert this to vertical move- 
ment of the ground, Gutenberg introduces another factor; this takes into account 
the angle of emergence and the amplitude contributions made by those waves 
which are set up by reflection at the free surface. If this factor be B we have for 
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the vertical amplitude 
A = BYE. 


Now energy may also be dissipated by various absorptive processes, such as 
those of (a) scattering which is a function of the degree of heterogeneity, (b) of 
viscosity and elastic afterworking in the case of truly elastic media, and (c) of 
hysteresis and plasticity for non-elastic media. All these are conveniently lumped 
together in the absorption coefficient a, and the variation of wave amplitude with 
travel-distance, x, may be expressed by the introduction of the factor e~*. 

Thus the final form for vertical motion of the ground at a geophone is given 


by 
A, = 


It is of some interest to consider the variation of this expression with distance 
in the case of reflected plane waves from the C- and M-discontinuities, and, of the 
factors involved, F and a@ require special consideration. 


The F Factor 

The general theory of the partition of energy from plane waves at an elastic 
boundary is well known, and in all cases it has been shown that energy passing 
into a wave of transformed type carries little of the incident energy. Applied to 
the M-interface with contrasting impedance of 


pivi/ pore =. 3.0 X 1.2/3.5 8.2, 


no more than about two percent of the incident longitudinal energy goes into the 
transverse reflected and refracted waves up to the critical angle of 61°. There- 
after, their total contribution is about 6 percent at 70° where the reflected longi- 
tudinal energy exhibits a minimum value. For greater contrasting interfaces, this 
minimum is more pronounced or the total transverse contribution greater, but in 
several cases computed the transverse contribution up to the critical angle re- 
mains negligible. 

With this qualification, it is sufficiently accurate, therefore, to compute the 
factor F by disregarding the transverse components in which case the theory is 
much simplified and reduces to that applicable to fluid media. Referring to Fig- 
ure 9(a), the M-reflection factor is given by 


Es E, E3 Ey 
EB Es Ey 
Amplitude and Distance 


The resultant vertical amplitude of ground motion, A, after correcting for 
spread, and the B factor taken from Gutenberg (1936) is shown plotted against 
horizontal distance in Figure 10(a). 
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Fic. 10(a). Theoretical amplitudes according to B\/E for C- and M-reflections. 
(b) Theoretical amplitudes for Conrad head wave. 


The curves for reflection from the C-surface are also shown in Figure 10(a), 
and both curves have been extended to distances greater than critical assuming 
total reflection. In practice, of course, the wave fronts are curved, and the exact 
theory requires the generation of the head wave at the critical point; and this 
wave although of second order energy gives rise to appreciable amplitudes, 
despite the fact that the amplitude attenuates rapidly at distances from the criti- 
cal point comparable with a wave length. The amplitude attenuation applicable 
at distances greater than a few wave lengths is given by the factor L~'? a~*?, 
where L is the distance between the energy source and the observation point 
while a is the travel distance of the wave in the refractor (see O’Brien, 1957). 

Figure 10(b) shows how the amplitude falls off in the case of the Conrad head 
wave from a distance of 95 km which is about 10 wave lengths beyond the critical 
point, and even here the attentuation is large, although it decreases rapidly by a 
factor of about 15 within the next 40 km. 

At zero distance the reflection curves show large amplitudes comparable with 
the amplitudes at the critical distances, and for this reason Gutenberg (1936) 
accounts for the well-known fact that, in exploration, reflection surveys are con- 
fined to short distances from the shotpoint. It is interesting to note that the C- 
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amplitudes are greater than those of the M-amplitudes by a factor of nearly two in 
the range from zero to critical distance, and this should have important practical 
significance. 


Absorption Coefficient 


Several workers have measured the absorption coefficient, a, by laboratory 
measurements on rock samples, and recent papers in which new or previous work 
is discussed have been given by Collins and Lee (1956), Gutenberg (1958), and 
McDonal et al. (1958). 

It has been stated that except for such unconsolidated material as in the 
weathered layer, Ricker’s visco-elastic wavelet theory which requires a depend- 
ency of a on frequency to the second power, is not applicable; McDonal et al. 
report that in their experiments on shale in place and using frequencies between 
100 and 600 cps the wave form more nearly resembles a sine wave. In this case 
and introducing a theory of solid friction, a may be expressed as 


a= 2f/QV = 


where f is the frequency, V the velocity, A the log decrement of successive ampli- 
tudes, and Q, a scalar quantity, equal to /A. 

It is seen, therefore, that a is proportional to the first power of the frequency, 
and this result commonly holds approximately for most laboratory measure- 
ments over a large range in frequency except, perhaps, in the exploration seismic 
range below 40 cps where measurements are lacking. 

For granitic samples, Q values of between 50 and 150 appear in the literature, 
but it would seem that these values should be about doubled to convert sample 
measurements to what they would be in bulk, as discussed by Born (1941). Thus, 
a Q of 300 would appear valid, and this should also apply to a limestone with 
very low porosity whose elastic coefficients are similar to those of a granite. 

From the seismological studies of Gutenberg (1958), body waves through the 
earth’s mantle appear to have Q values very much in excess of 300 by a factor of 
10, and it could well be that the absorption coefficient of deep crustal material 
is several times that derived from laboratory specimens. In the present experi- 
ment with a velocity of about 6.0 km/sec and an average frequency of 12 cps and 
a Q of 300, a becomes 0.02, and a correction factor of e~°-** would seem ap- 
propriate; but, as will be seen, this is apparently far too large. 


Measurement of Amplitudes from Seismograms 


Unfortunately, as explained above, it was found impossible to insure uniform 
instrumentation along the profile while the ball-dropping calibration test was 
unproductive of usable data. In this regard, successive drops from the standard 
height of 6 inches on a particular geophone gave widely different response, while 
it became clear that amplifiers adjusted to operate without A.G.C. were not 
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linear. The results from the low frequency Willmore geophones and amplifiers 
should have given a measure of amplitude attenuation, but most of them failed 
to record mainly because observers were unfamiliar with the equipment and its 
adjustment. In those few cases where Willmore records were obtained, good event 
amplitudes were registered and the relatively high frequency noise was well sup- 
pressed. The Willmore geophone-oscillograph equipment failed through lack of 
sensitivity. 

In order to obtain some measure of amplitude attenuation of the various 
events with distance, a signal-to-noise criterion has been adopted. The predomi- 
nant noise frequency was about 25 cps comparable with the Paleozoic event fre- 
quency at a distance of 3.5 km, and, assuming noise to be a constant factor over 
the whole of the profile (wind was practically nil), the amplitudes of early events 
could be affected at this distance, and this appeared to be the case. At greater 
distances the wind influence on signal amplitude would tend to get less with the 
decrease in signal frequency, but there remains the uncertainty of uniformity in 
the response over the frequency range of interest, namely 18 to 25 cps, amongst 
the various observation equipments. Despite these restrictions, Figure 9(b) has 
been drawn up to show the result of applying the signal/noise criterion to the 
Paleozoic and Conrad events with no regard to the direction of shooting. In draw- 
ing a smooth curve through the somewhat scattered points, the effects of varying 
instrumentation between two points close to one another should be partly mini- 
mized. 

Attentuation of the Paleozoic amplitudes appears to be virtually non-existent 
except between 20 and 30 km. The theoretical and approximate “inverse square”’ 
factor for the head wave should reduce the amplitude by x20 between 30 and 
130 km, but this cannot possibly be operative; a factor inversely proportional to 
the distance would involve a reduction of x4 and this is perhaps acceptable in 
view of the uncertainties in evaluating the amplitude. In the 20- to 30-km range, 
the theoretical factor gives an amplitude decrease of x2.5 or, if the first power of 
distance is involved, x1.2, and the experimental result could satisfy either value. 

Application of the absorption factor e~°-* entails a reduction in amplitude 
of x5 in the range 30 to 130 km, and this also would seem inadmissible; a much 
lower factor is indicated. A major difficulty in attempting to measure absorption 
from head wave amplitudes over large distances concerns penetration effects, for 
there is much experimental evidence in seismic refraction exploration to show 
that the velocities of the head wave over a particular section of a refractor often 
increase with distance of the shotpoint, and this implies a velocity increase with 
depth; homogeneity in a single and extensive sedimentary rock is rare. 

The experimental signal/noise values for the Conrad events, however, show 
qualitative agreement with the theoretical reflection curve of Figure 10(a) which 
has been superposed in Figure 9(b). An increase in amplitude in the critical region 
is suggestive. It is pertinent that from the critical point to the end of the profile 
at 130 km, the reflected wave only becomes separated theoretically from the 
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head wave by about 0.14 sec or a little over a wave length with a frequency of 
10 cps, and this is hardly enough for resolution; in this range, therefore, the 
amplitude of the Conrad event is probably composite. 

A good example of resolution between reflected waves and the head waves in 
the critical region is shown in Figure 11. The seismograms were obtained in the 
Albertan foothills of the Rocky Mountains over a long profile where the depth 
to the Paleozoic limestones was being measured. A weak reflected event may be 
seen approaching the critical point when a large increase in energy takes place; 
thereafter with increasing distance the head wave gradually resolves itself from 
the wide angle reflections which appear to carry the greater part of the energy. 
The seismograms cover a distance of 53,000 ft, the limestone existing at a depth 
of 14,000 ft, while the contrasting velocities are 13,500 ft/sec and 20,000 ft/sec. 
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Fic. 11. Resolution of reflected and head waves near critical point for 
Paleozoic events in Albertan foothills. 
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DISCUSSION 


Previous determinations of crustal thickness on the American Continent have 
been made largely from explosions and data provided by single seismometer sta- 
tions at no less than a few km apart, as described by Tatel and Tuve (1955) who 
noted a big increase in energy at the critical distance. These workers, however, 
failed to detect an intermediate layer and their depths to M pointed to a marked 
increase from plains to high uplifted areas, although an anomalous situation ap- 
peared to exist between its depth of 34 km under the 7,000-ft high Colorado pla- 
teau and the only slightly different 29 km under the Atlantic coastal regional of 
Maryland-Virginia. 

Considering the world-wide data as a whole, there is unmistakable evidence 
that mountainous areas yield higher values than do the continental plains or the 
oceans where the depths to the M-interface are very small. A generalized crustal 
section from the Pacific to the Indian Ocean across the American Continent, 
Europe, and Africa has been given by Heiskanen and Vening Meinesz (1958) in 
which the greatest depth of 38 km is shown under the Appalachians. In some con- 
tinental cases, increases in velocity with depth either generally or through a dis- 
continuity were allowed for as given in more detail by Gutenberg (1955), but the 
relevant data, mostly from reflection studies, are not easy to apply with certain- 
ty. Press (1958) remarks on the stringent conditions required in identifying par- 
ticular events (second arrivals) on refraction records which are normally widely 
spaced; and this is one of the reasons why the C-discontinuity is not at present 
accepted as a sine qua non in seismological circles. However, Press (1958) reports 
7.2-7.4 km/sec layer at a depth of 20 km under California and Nevada, while 
Hodgson (1953) notes a 7.0 km/sec discontinuity at a depth of 25 km in Eastern 
Canada. 

In Europe, the existence of the C-interface appears to be increasingly recog- 
nized, and Gutenberg (1955) quotes depth values from 10 to 25 km with veloci- 
ties of 6.4 and 6.6 km/sec, the M-interface lying at 30 to 60 km with velocities 
of 8.0 to 8.2 km/sec, the greatest depths occurring under the Abruzzi Mountains 
in Italy, most values being obtained from reflection observations. 

In the U.S.S.R., however, the correlation method employing closely spaced 
geophones, as in the method followed in the present work, has been most reward- 
ing. Veytsman (1957) reports a considerable increase in the thickness of the 
earth’s crust ranging from 30 to 70 km in passing from platform to mountainous 
regions in Central Asia, the relief in the C-layer, recognized as basalt, being more 
complex than that in the M-discontinuity. It is found that the basalt relief tends 
to follow that of mountainous topography, while the M-discontinuity sinks to 
form the mountain roots. However, in the Northern Pamirs both discontinuities 
sink to form the roots, while in Western Turkmenia both rise to form ‘‘anti- 
roots.”” Veytsman also points out that these discordances may greatly affect 
gravity interpretation. 

In the present work, in Alberta, it is of interest to note that the southerly dip 
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assigned to the C-discontinuity is opposed to the northerly dipping Bouguer 
anomaly in the area about the center of the profile; the gravitational dip here is 
about 1 mg in 6 km corresponding to a fall of about 3° which is in agreement 
with the northerly dip of the Paleozoic and pre-Cambrian rocks. It does suggest 
however, that the relationship between the C- and M-discontinuities is not a 
simple one and may become more complex as the Rocky Mountain Trench (Fig- 
ure 1) is approached and where the M-interface may be expected to be much 
deeper than the 43 km obtaining some 200 km to the east. 

The depths of 29 km and 43 km to the two discontinuities are high compared 
with the results published for similar plains areas elsewhere, but it is interesting 
to note that the absolute Bouguer gravity value in the vicinity of the profile is 
about —125 mg, and this is in accordance with the predicted value from the cor- 
relation of a large number of M-depths and Bouguer gravities as discussed by 
Steinhart et al. (1958). 

Better refraction information on the M-discontinuity would have accrued by 
extending the profile, for its depth can only apply to the limited region of sub- 
surface coverage indicated in Figure 10(a); in the same way, nothing can be 
said about the depth or dip of the C-surface beyond its two-way coverage. It is 
interesting to note that the M-event would enter as a first arrival, assuming the 
time-distance curves would continue with their existing slopes, at distances of 
166 km and 189 km, shooting from the north and south respectively. But the 
Conrad event would only arrive first in the range 165 km to 189 km, shooting 
from the south and not at all when shooting from the north, the dip of 3° being 
assumed to persist. In some circumstances, of course, the Conrad would never 
enter as a first event, irrespective of the direction of shooting, and its identifica- 
tion would then rest on unambiguous second event control, especially about the 
“critical” region of reflection. 

The evidence for discrete discontinuities within the upper layer is convincing 
especially from the high velocity segments in the range 65 to 105 km from Shot- 
point S and 75 to 115 km from Shotpoint N. As many as three are recorded, but 
there seems to be some lack of continuity amongst themselves and this suggests 
the existence of high velocity lenses or laccoliths derived from the underlying 
basalt. The data would have been more informative if some of the spreads had 
been longer. It is of interest also to note the high velocity events at the greater 
distances and at times intermediate between those for the C- and M-events; 
these additional events suggest that the lower layer itself is not as uniform as 
may be supposed. 

The apparent extremely low attenuation of the Paleozoic amplitudes raises 
the question as to whether these amplitudes are related to the head wave. Al- 
though O’Brien (1957) in field measurements on an 80-ft deep marl noted that 
the “refracted” amplitudes decreased as the square of the distance, it seems that, 
on the much larger scale under discussion, the Paleozoic wave penetrates this 
formation by curved paths and travels as a true refraction, in which case the 
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first power of distance would be involved. The required increase in velocity with 
depth need not be so large for its detection on the time-disfance curve, although 
some doubt would be placed on the theoretical energy content of such a wave. 

It is clear that unless the spread factors are known with precision, it is im- 
possible to deduce any quantitative value for absorption coefficients; at best, 
they would include the influence of other modes of energy dissipation such as 
scattering. 

CONCLUSIONS 


Despite certain differences in instrumentation, the conclusions drawn from a 
study of the results obtained from the 15 seismic parties over the 81-mile profile, 
and with no previous co-ordinating experience, are considered most illuminating; 
they may be listed as follows. 

1. In the investigation of the layering of the earth’s crust, close geophone 

correlation over a series of separated spreads of preferably not less than 
a mile in length is advisable. Profiles should be shot in reverse. 

. Spreads should concentrate at distances where the main critical reflections 
are anticipated, but observations should also be made at the shorter dis- 
tances to investigate shallow discontinuities and at larger distances so as 
to obtain good representative velocities from head waves. 

. Large dynamite charges are not essential in plains areas, but in moun- 
tainous areas, where holes may require to be located in hard rock, the 
charges should be greatly increased. 

. The Conrad and Mohorovicic discontinuities under the Albertan Plains 
are deeper than they are commonly believed to be in other parts of the 
American Continental plains. Their velocities of 7.2 km/sec and 8.2 km 
/sec accord with values registered elsewhere. 

. There is good evidence for heterogeneity in the upper or “granitic” layer, 
and it is suggested that the lower or basalt layer is, itself, not uniform in 
velocity. 

. The Conrad interface does not follow the topography of the ground surface 
or of the upper surface of the granitic layer. 

. An increase in amplitude in the Conrad event at its critical distance ap- 
pears to be in agreement with that to be expected from plane wave theory. 

. The spread factor for the Paleozoic arrivals more nearly varies inversely 
as the distance than as the distance squared as required by diffraction 
theory. 

. Although no quantitative measurements could be made, it appears that 
the absorption coefficient for the Paleozoic and deeper crustal materials 
must be considerably lower than those measured for laboratory samples. 
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INTERNAL FRICTION OF FINE-GRAINED LIMESTONES 
AT ULTRASONIC FREQUENCIES* 


LOUIS PESELNICK{ anp ISIDORE ZIETZt 


ABSTRACT 


Ultrasonic pulse measurements in the 3 to 10 mc/sec frequency range were made of shear and 
dilatational absorption and velocity for three samples of fine grained, homogeneous, and well com- 
pacted limestones at atmospheric conditions. The complex moduli of elasticity were calculated for 
two limestone specimens of different grain size and porosity. A “‘hysteresis” or “‘solid-friction”’ type 
of loss for waves of dilatation was found in all three limestone specimens. Shear measurements made 
in one of the limestones also show a “hysteresis” type of loss. 

Comparison of the dilatational loss in a single crystal of calcite to the dilatational loss in the 
limestones indicates that the internal friction for the limestone specimens probably occurs at the 
grain boundaries. 


INTRODUCTION 
Previous experimental work 


Previous work on internal friction in rocks has been scant and the divergence 
in results shows the need for more work in order to establish the frequency de- 
pendence (Collins and Lee, 1956). Some of the principal investigators in this field 
are Birch (1943), Birch and Bancroft (1940), Born (1941), Bruckshaw and Ma- 
hanta (1954), Martin (whose data may be found in Collins and Lee, 1956), 
Krishnamurthi and Balakrishna (1957), and Ricker (1953). Except for Krishna- 
murthi and Balakrishna, the aforementioned investigators determined the in- 
ternal friction of rocks in the frequency range from 10 to 10* cps. Birch and 
Bancroft, using a resonance method, found that the exponential absorption co- 
efficient for granite was proportional to the frequency in the range 140 to 1,600 
cps; however, their experimental data were not sufficiently precise to establish a 
definite correlation. Born, using a resonance method for shale, limestone, sand- 
stone, and cap-rock cores, found that the absorption coefficient was proportional 
to frequency for dry cores but that the absorption could be represented by the 
sum of a linear and frequency squared term when water was added to the sand- 
stone sample. Born’s frequency range was approximately 100 to 10‘ cps. Bruck- 
shaw and Mahanta, in the frequency range 40 to 120 cps, found that the absorp- 
tion coefficient was proportional to the frequency; but their data indicated a more 
rapid increase at lower frequencies. Martin used the method of free oscillations to 
determine the absorption in limestone at approximately 10, 30, 2,800, and 4,300 
cps. The data were interpreted as indicating that the absorption coefficient varies 
linearly with frequency, although the scatter was large, especially at the lower 
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frequencies. Krishnamurthi and Balakrishna determined the absorption coef- 
ficient in the range 2 to 6 mc/sec by using a pulse technique. Their results show 
that the absorption coefficient increases with frequency for most of their rocks 
but that for limestone, the absorption coefficient is essentially constant with fre- 
quency. Ricker’s development of the wavelet theory assumes a viscous dependent 
loss requiring the absorption coefficient to increase with the square of the fre- 
quency. Ricker finds agreement between the wavelet theory and seismic data, 
although some investigators question this agreement (Collins and Lee, 1956, 
p. 21). The divergence of experimental results clearly shows the need for more 
experimental work over wider frequency limits and controlled conditions. 


PHYSICAL CONSIDERATIONS 


Experiments have shown that whenever a solid is mechanically strained, the 
imparted elastic energy is never fully recoverable. Some conversion from me- 
chanical to heat energy always occurs and, therefore, a perfectly elastic solid is 
only a theoretical concept. This non-elastic behavior within the Hooke’s law 
region has been called “anelasticity” (Zener, 1948), and the various mechanisms 
which bring about the nonelastic properties have been grouped under the catchall 
term, “internal friction’ (Kolsky, 1953). The study of the internal friction in 
rocks is of more than academic interest because the decrease in the intensity of a 
seismic wave with distance is caused by internal friction in earth materials, and 
the change in shape of the‘seismic wave with distance is also, in part, a result of 
internal friction, specificaliy, its dependence on the frequency of the stress wave 
(Born, 1941). 

Several investigators (Hopkinson and Williams, 1912; Féppl, 1936) measured 
the internal friction by determining the ratio of the heat developed per cycle to 
the maximum strain energy of that cycle, this ratio being defined as the specific 
damping capacity or specific loss S. 

Most others, because of experimental convenience, have measured internal 
friction indirectly by means of resonance techniques. Provided that (1) the elastic 
restoring force of the specimen is proportional to the amplitude (Hooke’s law) 
and (2) the dissipative force is proportional to the rate of strain, it is possible to 
define the measure of internal friction for a resonant system by the “logarithmic 
decrement, 6.”” Assumption (1) is valid when the resonance experiments are per- 
formed at sufficiently small amplitude or strain. Assumption (2), that the dissipa- 
tive force be proportional to the rate of strain, is allowable as a first approxima- 
tion if the loss per cycle is very much smaller than the elastic energy per cycle 
(Gemant, 1950). The logarithmic decrement for a freely oscillating resonant 
system is then defined as the natural logarithm of the ratio of two successive 
maximum deflections in the same direction. The log decrement, 6, can also be 
obtained from the measurement of the bandwidth and the resonant frequency fo 
of the resonant system: 


= — fi)/fo, (1) 
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where f; and fz are the frequencies on either side of the resonant frequency at 
which the amplitude is reduced to 1/+/2 of its value at resonance (Wegel and 
Walther, 1935). An often used measure of internal friction is the Q factor, which 
is related to 6 and S by the following equations: 


= (2) 
QS = 2x. (3) 


The attenuation of a plane stress wave in the solid is another way of defining 
and measuring internal friction. For plane sinusoidal progressive waves, the 
amplitude decays exponentially with distance according to 


A, = Ao exp (—ax), (4) 


where A, is the amplitude at the distance x and Ao is the amplitude at x=0. The 
quantity @ is defined as the amplitude attenuation (or absorption) coefficient. 
The logarithmic decrement 6 or quality factor Q can be related to the absorption 
coefficient a; however, Born (1941) has pointed out several precautions in this 
regard: The attenuation constant a is obtained from the decay of plane waves in 
an infinitely extended medium; the logarithmic decrement is obtained either from 
the decay of free vibrations or from the band width where the medium is a thin 
bar whose diameter is a small fraction of the wave length. The decay of longi- 
tudinal oscillations or the band width depends on whether the bar is thin or thick; 
a thin bar is relatively free to vibrate laterally, but particle motion perpendicular 
to the direction of propagation is constrained to some degree for thick bars. Born 
gives an approximate relation between the logarithmic decrement in the thin bar 
to that in the extended medium: 


5 
bar ? ( ) 


where a is Poisson’s ratio, and 6,» is the decrement for an extended medium. It 
is necessary, therefore, to consider two kinds of logarithmic decrements and two 
absorption coefficients for dilatational waves: 


Qbar = Sbarf/Coar, (7) 
where f is the frequency of vibration, C,» is the velocity in the extended medium 


(bulk velocity), and Cpar is the bar velocity. The velocities for dilatational waves 
in a homogeneous, isotropic medium are 


Coar = E’/p (8) 


and 
Cam? = = (A + 2U’)/p, (9) 


where E’ is Young’s modulus, U’ is the rigidity modulus, M’ is the dilatational 
modulus, \ is a Lamé constant, and p is the density. 
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For shear waves in a homogeneous, isotropic medium, the velocity is 
C,? = U’/p. (10) 


The shear velocity is independent of the shape of the medium. Since pure shear 
motion does not involve volume changes, the shear loss should also be inde- 
pendent of the geometry of the medium, and the correction of equation (5) would 
not be required. 

The purely elastic constant and internal friction can be expressed in terms of 
the complex quantity M*= M’+iM”, and U*=U'+iU”, where M* and U* are 
the complex moduli for dilatation and shear respectively. The solution to the 
wave equation for plane progressive waves is of the form exp iw(¢—x/C*), where 
C* is the complex velocity equal to 1/M*/p for dilatation and ~U/*p for shear. 
Expanding the numerator of 

1 


c* (M"/p)"? 


to two terms gives the relation: 
1 1 iM” 1 


2M’ a 
p p 


which is a valid approximation for M’’/M’<1. The form of the solution then 
becomes: 


E iwx | (11) 
exp | iw! — — — ——— x], 


where Cp=+/M’/p and is identical to equation (9) for M’’/ M’<1. The absorp- 
tion coefficient is identified with the last term of equation (11): 
M"wx 
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Cp 
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ap = 


where Ap is the dilatational wave length Cp/f. 
By a similar process, it is found that 
a, = 


where \, is the corresponding wave length for shear waves. 
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The dilatational modulus M* for an isotropic and homogeneous medium is 
M*= K*+4$U*, where K* is the modulus of compressibility. Equating reals and 


imaginaries gives: 


4 


4 
M" = K"+ U". (15) 


Equations (12 and 13), together with equations (9) and (10) allow the calculation 
of M’, M”’, K’, and K” from data of absorption and velocity of shear and dilata- 
tional waves. 

It is more significant to compare the terms K” and U” rather than M” and 
U", because M” is dependent on both the shear and compressional losses, and 
K”’ is independent of the shear loss. 

The various interrelations between the purely elastic moduli for a homogene- 
ous, isotropic medium are given by the following equations: 


M' = + 2U’ = K' + 4U’, (16) 
= E'/3(1 — 20), (17) 

= cE’/(1 + — 20), (18) 

= U'(3\ + 2U’)/(A + UV’), (19) 
d/2(A + 2U’) = Poisson’s ratio. (20) 


EXPERIMENTAL PROCEDURE 


Measurements were made of shear and dilatational absorption and velocity 
in the frequency range 3 to 10 mc/sec for several rocks at atmospheric conditions, 
using an ultrasonic pulse technique. Fine grained, homogeneous, and well com- 
pacted limestones were chosen in order that scattering, anisotropy, and variation 
of the elastic constants with pressure would be a minimum. Grain size and 
porosity of the specimens were determined, the complex moduli of elasticity were 
calculated, and the dependence of the internal friction on frequency was found. 

The ultrasonic pulse method is discussed in detail by Roderick and Truell 
(1952), who measured attenuation in steels. Although some of the details of the 
experimental method differ, their discussion of the technique is, in principle, 
applicable to the present work. 

A block diagram of the equipment is shown in Figure 1. A time-mark genera- 
tor (Tektronix Type 180-S1) simultaneously triggers the pulsed radio-frequency 
transmitter (Ostby and Barton Company) and the oscilloscope (Tektronix Type 
535). Attached to each end of the cylindrical rock sample (13 inches in diameter 
and 3 to 3 inches in length) are two (1-inch diameter) quartz crystals, which are 
either both shear (AC) cut or both longitudinal (X) cut. A short burst of longi- 
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Fic. 1. Block diagram of apparatus for attenuation measurements in solids. 


tudinal or shear waves is generated by the quartz transducer at the transmitter 
side of the specimen. The transmitter delivers radio-frequency pulses of about 
800 volts rms at a repetition rate of 100 cps. The pulse duration and carrier fre- 
quency can be varied from 1 to 20 microseconds and from 3 to 15 mc/sec, re- 
spectively. The first arrival and the multiple-reflected signals are detected by the 
second crystal, from whence they pass through a calibrated attenuator (Kay 
Electric Company, Model 20), a wide-band preamplifier (Tektronix Type 121), 
and are finally displayed on the oscilloscope. The wide band response of the 
electro-acoustical system minimized “ringing” of the crystals and improved the 
resolution of the radio-frequency pulses. A typical display of the signals is shown 
in Figure 2. The first pulse on the extreme left side of the trace is the transmitter 
pulse. Its presence is due to stray electromagnetic pickup, and its amplitude is, 
therefore, not indicative of the amplitude of the transmitter pulse. After a time 
delay 7, corresponding to the time required for the pulse to travel one length of 
the specimen, the first arrival appears. This is the second pulse from the left in the 
figure. This first arrival is then reflected once from each end and the next pulse, 
the third from the left (which will be called the first echo) is delayed by a time 27 
after the first arrival. The second, third, fourth, etc., echoes have similarly 
travelled two additional lengths and are each delayed an additional time 2T after 
their preceding pulse. Absorption successively reduces the amplitudes of the 
higher numbered echoes until they can no longer be seen on the trace. 


Fic. 2. Photograph of transmitt«, pulse, first arrival and echoes. 
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Fic. 3. Photograph of first arrival and first echo on expanded scale. 


Figure 3 illustrates the first arrival and first echo on an expanded time scale. 
The rock specimen is Solenhofen limestone 3.81 cm in diameter and 1.91 cm in 
length. The frequency of the AC cut crystal was 4.5 mc/sec. Absorption from 
the first to the second echo was 14.5 db or 3.8 db/cm. Travel time from the first 
to the second echo was 12.6 10-6 sec, giving a shear velocity of 3,030 meters/sec. 

The velocity is obtained by dividing twice the sample length by the time 
between the first arrival and first echo. The time interval between the pulses was 
determined by calibrating the C.R.O. trace with one-microsecond markers from 
the time mark generator. 

The effect of the ratio of the rod diameter to wave length on the dilatational 
velocity in Solenhofen limestone was determined. No velocity dispersion greater 
than the experimental uncertainty of 5 percent was detected for ratios of D to 
\p greater than about 0.6. The dilatational velocities reported in this paper were 
determined for ratios of D to Xp greater than 20 so that the velocity measured 
represents the bulk velocity or the velocity which would be found in an infinitely 
extended medium of the sample. The elastic constants were computed using 
equations (9) and (10) from measurements of Cz, C,, and the density. 

The absorption was determined by measuring the number of decibels between 
successive echoes and dividing this quantity by twice the length of the sample. 
The absorption coefficient determined in this way includes apparent losses and 
errors due to change in the radiation pattern along the specimen, incomplete re- 
flection from the crystal ends of the specimen, mode conversion, and non-plane 
parallelism of the faces of the specimen. Mode conversion was made small by 
using specimens of sufficiently large diameter. The end faces were ground plane 
parallel to within a fraction of a wave length in order to eliminate interference 
patterns which caused the magnitude of the pulses produced by successive re- 
flections to vary periodically. To show that the effects of incomplete reflection 
and changing radiation pattern could be neglected, the absorption coefficient for 
six different lengths of Solenhofen limestone was determined. It was found that 
the absorption in rocks was generally large enough so that apparent losses due to 
incomplete reflection or beam spreading could be neglected. No measurement 
was considered satisfactory unless the decibel loss per echo pair remained con- 
stant for at least three consecutive echoes. Overloading of the amplifiers was 
avoided by using the two-crystal method, because in this method the transmitter 
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pulse was never directly connected to the amplifier. The gain could be increased 
by a factor of two or three for most samples before overloading of the amplifiers 
was observable, and it was assumed, therefore, that the gain of the amplifiers 
remained constant in time. Nonlinearity of gain with applied signal was unim- 
portant because the level of the pulses being measured was always adjusted for 
the same amplitude into the amplifier by means of the calibrated attenuator. 
Scattering of the sound wave was assumed to be small because the wave lengths 
were large compared to the linear grain dimensions. This was substantiated after 
measurements showed no quadratic dependence of the absorption coefficient with 
frequency. 
RESULTS 

Sketches of the grain shapes for the rock samples of this paper are shown in 

Figure 4. A description of the grain structure is as follows. 


Solenhofen Limestone, S-1 

This is a very pure and homogeneous limestone with an interlocking type of 
grain structure. About one percent of the grains are from 20 to 100 microns in 
diameter, and the remaining matrix particles have an average grain diameter of 
about 9 microns. 


Limestone, I-1. 
About 90 percent of the sample consists of CaCOs grains close to 18 microns 
average diameter. The remaining 10 percent consists of larger particles of CaCO; 


having a predominating grain size of 100 microns. 


density - 2.72 gms/cce 
porosity- 
20 40 


THIN SECTION OF LIMESTONE SAMPLE [-1 


density 2 Ti gms/ce. 

porosity- 000 % 


THIN SECTION OF LIMESTONE SAMPLE H-1 


density - 259 gms/cc 
porosity- 266% 


THIN SECTION OF SOLENHOFEN LIMESTONE $-i 


Fic. 4. Schematic cross-section showing relation of the limestone grains. 
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TABLE I 
PHYSICAL PROPERTIES OF CALCITE AND SEVERAL LIMESTONES 


Average grain 
size of matrix 
particle, microns 


Density Porosity 


Sample 
gms/cc percent 


Number Type 


Solenhofen 

limestone 9 
1 limestone 18 
-1 limestone : 
-1 calcite 


L 
H 
K 


* Heterogeneous sample: about § of sample composed of 12 micron grains, with remaining 4 
composed of large grains of organic limestone. 


Limestone, H-1. 


This is a nonuniform limestone. About 3 of the sample consists of fine grained 
particles having an average diameter of about 12 microns. The remaining $ con- 
sists of large organic limestone particles. 

The average grain size of the matrix particles, apparent density, and porosity 
of the specimens are tabulated in Table I. The apparent porosity was determined 
by a water-saturation method (Obert, et al. 1946). This porosity is the ratio of 
the volume of open pore space to the exterior volume of the specimen. The ap- 
parent density was determined from the weight of an air-dried specimen and the 
exterior volume of the specimen. 

The apparent porosities of limestone H-1 and I-1 are negligibly small, and, 
accordingly, their densities are equal to that of the single crystal of calcite. The 
Solenhofen limestone, S-1, on the other hand, has a small but measurable poros- 
ity and a lower apparent density than that of the calcite specimen. 

The velocities of dilatation and shear are constant with frequency for any 
given sample within the precision of the experiment (+5 percent). These veloci- 
ties are tabulated in Table II. 

Figures 5 and 6 are graphs of the dilatational and shear absorption coefficients, 
respectively, as a function of frequency for atmospheric conditions. The slopes 
of the absorption versus frequency curves are also tabulated in Table IT. Figure 5 


TABLE II 
Uttrasonic DaTA 


Slope of Slope of 


ap VS. Q, VS. Cp cm/sec Cs cm/sec 
db/em/Mc/sec db/cm/Mc/sec 


Specimen 


S 0.45 0.5 5.56X 105 2.9X 105 
I-1 0.27 =0.2 6.1 105 3.2 105 
H-1 0.23 6.3 «105 3.2105 
Calcite* 0.02** 7.1 


* Velocity and absorption measured in direction normal to (0111) face. 
** Linear frequency dependence of absorption coefficient assumed. 
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CALCITE 


5 8 10 2 14 16 
FREQUENCY Mc/ SEC. 


Fic. 5. Dilatational absorption vs. frequency for several limestones. 


12 
FREQUENCY -Mc/ SEC 


Fic. 6. Shear absorption vs. frequency for several limestones. 
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shows that the dilatational absorption coefficient for all the limestones described 
in this paper vary linearly with the frequency. The extrapolated lines intersect 
the origin at zero frequency. A measurement of the dilatational absorption co- 
efficient (and velocity) through the pair of parallel faces (0111) and (0111) of a 
calcite crystal was made at 15 mc/sec. The magnitude of the absorption coef- 
ficient in calcite was very small (0.3 db/cm) and, consequently, should be con- 
sidered as an “order of magnitude” measurement only. 

Figure 6 shows the shear absorption coefficient versus frequency for the lime- 
stone samples. The precision of the shear data for specimen I-1 is not as good as 
for the dilatational data; the difficulty being the presence of spurious pulses 
possibly arising from mode conversion or from poor shear coupling of the crystal 
to the specimen. Although it can be seen that the shear absorption for Solenhofen 
limestone is linear with frequency, it is evident that the linearity is not quite so 
well established for limestone I-1. 

The real and imaginary parts of the elastic moduli were calculated by using 
the equations given in the introduction and the experimental data. These elastic 
moduli are tabulated in Table III. 


DISCUSSION OF RESULTS 


The linear dependence of the absorption coefficient with frequency is referred 
to as a “‘hysteresis” or “‘solid-friction” type of loss, for which the elastic energy 
dissipated per cycle remains constant with frequency. The Solenhofen limestone 
exhibits this type of behavior for both shear and dilatational waves in the fre- 
quency range 3 to 10 mc/sec at atmospheric conditions. Dilatational measure- 
ments in the remaining two samples also show this solid frictional behavior. 

These results are in disagreement with those of Krishnamurthi and Bala- 
krishna, who obtained the dilatational coefficients for five rocks in the frequency 
range 2.1 to 6.3 mc/sec. As shown in Figure 5, the graph of their absorption co- 
efficients with frequency (curve labelled K and B) is essentially frequency-inde- 
pendent, signifying that the loss per cycle decreases with increasing frequency. 
Secondly, the magnitude of their absorption coefficient is several times larger 
than the absorption coefficients for the limestones investigated in this paper. We 
cannot presently account for these differences. 

A comparison of the dilatational loss in a single crystal of calcite with the 
dilatational loss of the limestone core I-1 shows that the absorption per cycle for 


TABLE IIT 
ComPLex MopvuLI FoR SEVERAL LIMESTONES 


M' U' 


Specimen M"/M' dynes/cm? dynes/cm? 


5.3X10°3 11X10% 8x10" 2.210"! 5.110" 
I-1 6X10 =2.4x10% = 8X 10-8 1110" 2.810" 6.4104 
H-1 5.3X10% = 10x 10" 2.8 10" 6.310" 


: 
5 
K' 
dynes/cm? 
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the single crystal is about 10 times smaller. Because these two specimens are 
essentially nonporous, the larger internal friction is probably due to the presence 
of the grain boundaries in the limestone specimen I-1. It may be considered that 
the “polycrystal’”’ is composed of ‘‘ideal” single crystals whose internal friction 
is negligible and that the major contribution to internal friction is at the grain 
boundaries. 

Furthermore, a comparison between the absorption curves of limestone I-1 
and the Solenhofen limestone S indicates again that the higher absorption is 
associated with the finer grained Solenhofen, although the difference may be due 
in part to the porosity of the Solenhofen. 

Although data on many more samples need to be taken, preliminary results 
indicate that for low porosity rocks and also, therefore, well compacted rocks, 
the higher acoustical absorption is probably a consequence of the increased num- 
ber of grain boundaries per unit volume. 
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THE ELECTROSEISMIC EFFECT* 
S. T. MARTNER{ anv N. R. SPARKSt 


ABSTRACT 


The electroseismic effect manifests itself as an electrical potential generated in the subsurface 
by the passage of seismic waves. It can be detected at the surface of the ground with electrode pairs. 
The time of occurrence of the voltage clearly distinguishes the effect from either the ionization po- 
tential produced at the time of explosion or the seismic electric effect produced coincident with the 
arrival of seismic waves at the surface of the ground. 

Evidence is presented which associates the electroseismic effect with the base of the weathered 
layer and demonstrates its characteristics in several areas and at various distances from the shot- 
point. Its immediate utility appears to be that of determining the travel time through the weathered 
layer at the shotpoint. 


INTRODUCTION 


When an explosive is detonated in a borehole there are at least three associ- 
ated, but distinct, electrical effects. One is the ionization potential which occurs 
at the time of detonation and which is generated in the hot gases of the explosion. 
Two additional effects are associated with the passage of seismic waves through 
the materials surrounding the borehole. One of these, known as the seismic elec- 
tric effect, is an electrical potential generated by the arrival of seismic waves at 
the surface of the ground. This effect, discovered by Blau and Statham (1936), 
was explained by Thompson (1939) as a voltage caused by “‘the variation of earth 
resistivity with elastic deformation.” The other effect, less widely known, is the 
electroseismic effect. It is characterized by an electrical potential generated with- 
in the earth by the passage of seismic waves. This electrical potential manifests 
itself prior to the arrival of the seismic waves at the surface of the ground. This 
effect was first reported by Ivanov (1939), and denoted by him as the “‘seismoelec- 
tric effect of the second kind” or “‘E-effect.”” He published results of experiments 
in 1940 and 1950, alleging that this effect can be caused by an electrofiltration 
phenomenon in the moist soil. Frenkel (1944) presented a mathematical treatment 
of this hypothesis based on the Helmholtz theory of filtration potentials. Bukhni- 
kashvili and Prangishvili (1956) reported on some field experiments which 
resulted in failure to observe the electroseismic effect. 

The object of the present paper is to report experimental results which associ- 
ate the electroseismic effect with the base of the weathered layer and demon- 
strate its utility for determining the seismic weathering time. 


RECORDING PROCEDURE 
Simple apparatus used for recording the electroseismic, or ES, pulse is 


illustrated schematically in Figure 1a. The detecting equipment consisted of a 


* Paper read at the 11th Annual Midwestern Exploration Meeting at Tulsa on April 18, 1958. 
and at the 28th Annual International Meeting of the Society at San Antonio on October 16, 1958, 
Manuscript received by the Editor September 25, 1958. 

t Pan American Petroleum Corporation, Tulsa, Oklahoma. 
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Fic. 1. The electroseismic effect. (a) Block diagram of recording apparatus. (b) Typical 
recorded ES pulse. 


pair of metal rods or electrodes driven into the ground. A seismometer was placed 
close to the shot hole to record the arrival of seismic waves at the surface of the 
ground. The electrodes and seismometer were connected to separate amplifier 
channels of a standard seismic recording system. 

The electrode separation was varied from 5 to more than 400 ft. The electrode 
nearest the explosive always detected an initial positive voltage with respect to 
the more distant electrode when the two were planted at the surface of the 
ground; therefore, the near electrode will be referred to as the “positive” electrode. 

Variations in the recording procedure that were investigated and found to 
have no effect on the ES pulse were: (a) the introduction of direct current to the 
earth, (b) an increase in the input impedance of the seismic amplifier by a factor 
of about three hundred, and (c) the use of several types of electrodes, such as 
metal rods, stakes, short pieces of wire, and the porous pots used in electrical 
prospecting. 


NATURE OF THE ELECTROSEISMIC PULSE 


The typical character of the ES, electroseismic, pulse from a deep shot is 
shown in Figure 1b. The pulse is composed of two parts: a precursor, frequently 
much smaller than shown, and the main pulse beginning at the time ES. 
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The ES pulse occurs after the time of detonation of the explosive (time break) 
but prior to the arrival of the seismic wave at the surface of the ground (seis- 
mometer). The time of arrival suggests that the ES pulse is generated by the 
seismic wave at some depth between the shot and surface and is transmitted from 
that level at high speed, probably as an electromagnetic wave. This would make 
its time of detection at the surface essentially coincident with its time of genera- 
tion at depth. Thus the time interval between the arrivals of the ES and seismic 
pulses is equal to the vertical travel time of seismic waves from the depth of 
generation to the surface. 


DEPTH OF GENERATION OF THE ELECTROSEISMIC PULSE 


Two types of tests were performed to determine the depth at which the ES 
pulse was generated. In the first test the depth of charge in the shot hole was 
varied. A typical time-depth graph for the ES and seismic pulses is shown in 
Figure 2. The seismic data reveal a velocity of 6.0 ft/ms in the upper part of 
the sub-weathered zone and 7.5 ft/ms at greater depths. The ES pulse precedes 
the seismic pulse by a constant time interval of about 6 ms, which closely ap- 
proximates the travel time of seismic waves through the weathered layer. These 
data show that the ES pulse was generated by the seismic wave at depth, and 
subsequently traveled to the surface at a very high speed. 

In the second type of test the positive electrode and a seismometer were 
lowered to a number of depths in instrument holes near the shot hole. A deep 
shot was fired for each position of the detectors. Figure 3a shows a time-depth 
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Fic. 2. Electroseismic pulse vs. shot depth. Time is referred to instant of charge detonation. 
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Fic. 3. Electroseismic pulse as a function of electrode depth. (a) Time vs. depth. (b) Recorded 
ES pulse. (c) Amplitude vs. depth. All times are referred to the time of first seismic arrival at the 
surface. 
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graph of the results. To minimize time differences due to small differences in 
shot depth, all arrival times are referred to the first seismic arrival at the surface 
(i.e., time of arrival of uphole seismic wave equals zero). The graph shows that 
the time of arrival of the ES pulse is independent of the depth of the electrode 
and is equal to the time of arrival of the seismic wave at the base of the weathered 
layer. Thus the time interval between the ES and seismic uphole pulse arrivals 
is equal to the seismic travel time through the weathered layer. 

The ES pulses obtained at representative depths are reproduced in Figure 3b. 
The ES pulse exhibits a reversal in polarity when the electrode traverses a zone 
near the base of the weathered layer. The amplitude of the ES pulse is plotted 
as a function of depth in Figure 3c, which illustrates clearly the polarity reversal 
associated with the source of the ES pulse. The variation in amplitude may be 
correlated with the expected relative electrical resistivities of the formations. The 
loss in amplitude of electromagnetic waves is small when traveling through the 
weathered layer of relatively high resistivity and is large when traveling through 
the material of low resistivity in the sub-weathered material. 

Although the origin of the ES pulse has been identified as being at the base of 
the weathered layer, the question arises whether the top of the water table is the 
significant factor. In the tests just described, the water table was essentially co- 
incident with the base of the weathered layer.* However, this problem was in- 
vestigated in another area of deeper weathering where the water table was at a 
depth significantly shallower than the base of the weathered layer. It was found 
that the ES pulse was generated at the base of the weathered layer (characterized 
by a change in seismic velocity) and was not associated with the top of the water 
table. 

MAGNITUDE OF ES PULSE 

In general, the potential difference across the electrodes produced by the first 
extremum of the ES pulse is several tenths of a millivolt with an electrode separa- 
tion of about 10 ft and charge sizes of 1 to 20 lb of dynamite. A test of ES pulse 
magnitude vs. charge size is shown in Figure 4. The amplitudes of the ES pulse 
are shown to be proportional to the square root of the charge weight. The 
amplitudes of the seismic first breaks show the same proportionality. The time of 
arrival of the ES pulse is independent of the charge weight. 


POSITION OF ELECTRODES 


Changing the configuration of surface electrodes affects the character and 
timing of the ES pulse as shown in Figure 5. When the positive electrode remains 
fixed and the negative electrode is moved with respect to the shotpoint, the 
timing of the ES pulse is unchanged, although the character of the pulse is some- 
what modified. When the negative electrode remains fixed and the positive elec- 


* The depth at which water was encountered in hand-augered test holes was 10 to 12 ft. 
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Fic. 4. Logarithmic plot of pulse amplitude vs. charge weight. 
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Fic. 5. Effect of electrode position along surface. All distances are measured from shotpoint. 
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trode is moved farther from the shotpoint, there is a marked effect on the timing 
of the ES pulse. The observed increase in pulse time with offset distance can be 
explained by the increase in the diagonal distance of seismic wave travel from 
the deep shots. This observation indicates that, as the positive electrode is moved 
away from the shotpoint, the point at the base of weathering from which the 
ES pulse originates also moves away from the shotpoint. It is concluded from 
the results of these two tests that the electrode nearest the shotpoint is the one 
most effective in detecting the ES pulse while the more distant electrode pri- 
marily serves as an electrical reference point for the recording circuit. 

When the spacing between the electrodes is small, some difference in character 
of the ES pulse is observed. Such an example is shown in Figure 6 which is a 
record of the ES pulse simultaneously recorded on an electrode pair at 5 and 15 
ft from the shotpoint and a second electrode pair at 2 and 80 ft from the shot- 
point. Though there are differences in character of the pulses, the times of 
arrival are practically the same. 
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Fic. 6. Comparison of long and short electrode spacing. 
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ES PULSE AND WEATHERING TIME AT LARGE DISTANCES 


In the above discussion, the emphasis has been given to the behavior of the 
ES pulse in the immediate vicinity of the shotpoint. The ES pulse was also in- 
vestigated at greater distances comparable to the offset distance of seismometers 
which are timed for reflections in standard reflection shooting. 

Figure 7 displays records from interlocking refraction weathering profiles. 
The shotpoints were 400 ft apart, and the seismometers and electrodes were de- 
ployed as shown in Figure 8a. Each electrode trace is fed from a pair of electrodes 
10 ft apart, and each seismic trace is fed by a single seismometer. The ES pulses 
observed up to distances of 375 ft from the shotpoint have simple character and 
in most cases have definite and easily picked onsets. They precede the seismic 
refraction first arrivals at corresponding distances. In Figure 8b, the time 
intervals between the ES pulses and the corresponding seismic refraction first 
breaks is compared with the weathering times computed by standard uphole and 
refraction methods. The results from a third shotpoint at the center of the spreads 
are included, and they confirm the results from the records shown in Figure 7. The 
weathering times from the refraction data are consistent, showing a variation of 
only +1 ms. There is close agreement between the ES pulse “‘weathering times’”’ 
and the refraction weathering times, which would suggest that weathering-time 
determination by means of the electroseismic method is satisfactory for distances 
up to 375 ft from the shotpoint in this area. However, this conclusion does not 
always hold, as will be shown in the following section. 


DIFFICULTIES IN RECORDING AND INTERPRETATION 


Experiments were conducted in several areas of central and southern Okla- 
homa. Several recording and interpretational difficulties which were experienced 
in these areas are discussed below. 

Electrodes placed in the earth for detecting the ES pulse picked up other 
electrical disturbances present in the ground. One such disturbance was that 
produced from the firing circuit transients. These transients were essentially 
eliminated by exercising care in isolating such circuits. Pickup from circulating 
earth currents from power lines was also troublesome. Such pickup was overcome 
by filtering of 60 cps and its odd harmonics or by balancing techniques using 
additional electrodes. In these experiments the natural earth currents were not 
troublesome because their level was well below that of the ES pulse. 

Besides the ES pulse generated at the base of the weathered layer, other 
pulses of similar character were recorded at some localities. These pulses are 
generated before the seismic waves arrive at the surface of the earth, and in all 
respects they appear to be normal ES pulses. However, the additional pulses are 
generated at depths other than the base of the weathered layer. An example is 
shown in Figure 9. The pulse marked ES is the normal ES pulse associated with 
the base of the weathered layer as seen from the time-depth graph. A later 
prominent pulse, marked BES, occurs before the uphole seismic wave and ap- 
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Fic. 8. Weathering time comparison. (a) Spread configuration. (b) Weathering times determined 
by standard refraction first break and uphole time methods compared with weathering times deter- 
mined from electroseismic pulse (time interval between ES pulse and corresponding refraction FB). 


pears to be associated with a depth of generation of about 13 ft. In this instance, 
the seismic time-depth graph indicates the presence, at the surface, of a thin 
layer with velocity lower than that of the main weathered layer. The BES pulse 
may be associated with the base of the thin layer. Nevertheless, the presence of 
this additional pulse complicates the use of the electroseismic method of weather- 
ing-time determination. 

In some localities, the strong ES pulse generated near the shotpoint overrides 
the ES pulse generated at large distances from the shotpoint. Thus the arrival 
times of the ES pulse are approximately coincident at all electrodes of a spread 
because of the high speed of electromagnetic wave transmission in the weathered 
layer. Why this phenomenon is not present in all localities is not known. It is 
improbable that rapid attenuation of electromagnetic waves with distance can 
adequately explain the records obtained where the “distant” ES pulse is re- 
corded, as exemplified in Figure 7. In those places where the “‘shotpoint”’ ES 
pulse overrides the “‘distant”’ ES pulse, the utility of the ES pulse is restricted 
to the determination of the weathering time at the shotpoint. 


CONCLUSIONS 


Field experiments have demonstrated that an electrical potential, called the 
electroseismic pulse, is generated at the base of the weathered layer by the 
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Fic. 9. Electroseismic pulses vs. shot depth in a locality where more than one pulse is generated. 


passage of seismic waves. The pulse can be detected with a pair of electrodes, 
the electrode nearest the source of seismic waves being the one most effective in 
detecting the pulse, whereas the more distant electrode serves as an electrical 
reference point for the recording circuit. The time interval between the electro- 
seismic pulse and the first seismic pulse at the uphole seismometer is equal to the 
travel time of seismic waves vertically through the weathered layer near the 
shotpoint. The electroseismic pulse can also be used to determine the weathering 
time at moderate distances from the shotpoint in some localities; however, at 
other localities, such a determination is not possible due to interference from the 
electroseismic pulse generated near the shotpoint. 
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SURFACE SHIP GRAVITY MEASUREMENTS ON THE 
TEXAS A. AND M. COLLEGE SHIP, THE “HIDALGO’* 


LUCIEN LACOSTET 


ABSTRACT 


Gravity meter readings taken at sea are disturbed by the motion of the ship and thus involve 
accelerations thousands of times greater than the permissible error. These accelerations must be 
averaged out and/or correction made for them. A meter which allows this to be done is described, 
and data obtained on a surface ship are presented with such checks as were available. 


INTRODUCTION 


In the spring of 1958 the Texas A. and M. College ship, the “‘Hidalgo,”’ made 
a six-week IGY cruise, and during a portion of this cruise gravity observations 
were made using a modified LaCoste and Romberg submarine gravity meter. 
Since very little information has been given out on this meter, a description of it 
and its modifications will be given before the actual results of the IGY cruise 
are discussed. 

The first successful tests on the submarine gravity meter were made in 1955 
by Professor Louis B. Slichter’s group at the Institute of Geophysics of the Uni- 
versity of California at Los Angeles (Spiess and Brown, 1958). The development 
of the meter required about 4 years of research. The results of other tests on the 


submarine gravity meter will soon appear in the literature. 


REQUIREMENTS TO BE MET BY A SUBMARINE AND 
SURFACE SHIP GRAVITY METER 


Before describing the operation of the LaCoste and Romberg submarine grav- 
ity meter, a discussion will be given of some of the requirements to be met by a 
submarine or surface ship gravity meter. As far as geodetic work is concerned, 
there is no need at present for an accuracy better than one mg because of other 
errors of greater magnitude due to errors in navigation and ship speed. For in- 
stance, at a latitude of 30°, a one-mile error in location can give an error of about 
one mg and a one-knot error in ship speed can give an error of about 7 mg. The 
effect of the ship’s speed on the gravity meter reading is known as the Eotvos 
effect. It is due to the fact that the ship’s speed adds (vectorially) to the earth’s 
speed about its axis of rotation; this can give a change in centrifugal force. At 
moderate ship speeds, only the east-west component of the ship’s speed gives ‘an 
appreciable Eotvos correction. Because of the magnitude of the speed and navi- 
gation errors, an accuracy of 5 mg is acceptable at this time in surface ship geo- 
detic gravity measurements. Even greater errors might be acceptable. 


* Paper read at the 28th Annual International Meeting of the Society at San Antonio on October 
14, 1958. Manuscript received by the Editor November 7, 1958. 
+ Lacoste and Romberg, Austin, Texas. 
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In most geodetic work being done at sea, base ties are often as infrequent as 
once a month. For this reason a gravity meter with very low drift is important. 
Tests on recent LaCoste and Romberg gravity meters show drifts less than one 
mg per month. Also because of infrequent base ties it is important that the grav- 
ity meters do not take reading jumps or sets if the meters are accidentally unther- 
mostated awhile or bumped. Tests on recent LaCoste and Romberg gravity 
meters show that such sets are well under one mg. 

For submarine work the gravity meter should operate properly when sub- 
jecied to horizontal and vertical accelerations of at least 5,000 mg (10,000 mg 
peak to peak); it is estimated that for surface ship work, it should withstand hori- 
zontal and vertical accelerations of about 50,000 to 100,000 mg. These require- 
ments necessitate a very accurate averaging method for obtaining readings. 

One of the features of the LaCoste and Romberg submarine or surface ship 
gravity meter is its averaging or reading method. It is as follows. The spring ten- 
sion of the gravity meter spring is varied to make the gravity meter weight cross 
the null position repeatedly. The spring tension will, therefore, be too great part 
of the time and too small part of the time. The time variation of the spring ten- 
sion is recorded. Now if this recorded spring tension is averaged over an arbitrary 
interval of time, the average in general will be wrong. An analogue computer has 
therefore been developed which solves the equations which determine the correct 
intervals of time over which the average is correct. 

This reading method is very objective because the operator does not know 
what reading he is getting until he calculates it from the record. Also the calcu- 
lated readings are obtained with an uncertainty of only 0.1 mg, although in gen- 
eral they are not accurate to this extent. The reading method is also fast; a good 
reading on land can be obtained in three minutes. On a ship the reading time 
should be longer because the irregular ship motion has to be averaged. 


TWO DIFFERENT METHODS FOR HANDLING HORIZONTAL ACCELERATIONS 


The presence of large horizontal accelerations causes difficulty in leveling the 
gravity meter. Two basic methods are used to overcome these difficulties. The 
first is to support the gravity meter on a very accurate gyro-stabilized platform. 
Such a platform will keep the meter level in spite of horizontal accelerations and 
ship motion. However, it is necessary to have a stabilized platform which is al- 
most completely unaffected by horizontal accelerations; a study of Figure 1 will 
show the reason for this statement. 

In this figure the stabilized platform is shown as tilting through an angle ¢ in 
response to the horizontal acceleration A,. The tilting of the meter causes it to 
respond erroneously to a component Aa¢@ of the horizontal acceleration. For 
¢=1' and A,=100,000 mg, the error is 33 mg, which shows that a very accurate 
stabilized platform is necessary. At present such stabilized platforms are large and 
costly. However, the availability of a good stabilized platform eliminates a large 
part of the problems encountered in measuring gravity at sea. 
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Fic. 1. Diagram to show gravity meter error produced by error in stabilized platform. 


The second method of handling horizontal accelerations is the one first pro- 
posed by Professor B. C. Browne of Cambridge University and first developed 
and used by Professor Vening Meinesz in his excellent pendulum apparatus for 
measuring gravity at sea. The principle of the method is shown in Figure 2. In 
this method the gravity meter is supported by a gimbal as shown. If a horizontal 
acceleration Aj, is present, the center line of the gimbal-supported gravity meter 
will assume some angle 6 with respect to the vertical. The gravity meter will 
therefore measure the force g, in the direction 6. This force g, is the resultant of 
the force due to gravity and that caused by the acceleration A,. The difference 
between g and g, is called the Browne correction or the horizontal acceleration 
correction. It is approximated by g (6/2). 

In order to measure this correction, it is necessary to measure the angle @, 
which requires a stabilized vertical reference such as a gyro or a long period pen- 
dulum. Professor Vening Meinesz used a pendulum supported very close to its 
center of gravity, which gave it a period of about a half-minute. A modification of 
this device is used in the LaCoste and Romberg submarine gravity meter. The 
modified device is adjusted to have a period of one minute; it can be adjusted for 
periods up to 5 minutes. The reason for choosing the Vening-Meinesz method in 
preference to the stabilized platform method for use in the LaCoste and Romberg 
meter is that a stabilized platform has not been available. 


DESCRIPTION OF SUBMARINE OR SURFACE SHIP GRAVITY METER 


Figure 3 is a block diagram of the LaCoste and Romberg submarine or surface 
ship gravity meter. A simplified sketch of a gravity meter is shown in the gravity 
meter unit. The operator adjusts a control on the control box to vary the spring 
tension of the gravity meter to make the gravity meter weight move repeatedly 
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Fic. 2. Principle of Browne correction for horizontai acceleration. 


past the null position. The spring tension after being automatically corrected for 
horizontal accelerations is recorded in binary-decimal coded form on the gravity 
reading recorder. Also recorded on the same recorder are time marks which are 
made each time the timing indicator microammeter reading passes through zero. 
These marks give time intervals over which the average of the recorder record 
gives the correct value of gravity. The timing indicator microammeter is operated 
by an analogue computer. 

The monitoring recorder records the position of the gravity meter weight. It 
is used to determine whether the weight strikes a stop. If the weight should strike 
a stop, it is necessary to disregard the corresponding time interval (as determined 
by the time marks). 

The oscillation damper is a servo-operated device which applies small hori- 
zontal translations to the gimbals supporting the main gravity meter unit in order 
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Fic. 3. Block diagram of submarine gravity meter. 


to reduce natural period oscillations of the gimbal supported meter. The oscilla- 
tion damper receives its inputs from the horizontal accelerometers through a com- 
puting circuit in the horizontal accelerometer control box. 

Figure 4 shows the various components of the submarine gravity meter. Fig- 
ure 5 shows the submarine gravity meter mounted on one of the testing machines 
used for testing it. This testing machine moves the gravity meter in a circular 
motion in a vertical plane, which motion is a good approximation to the wave- 
produced motion in a submarine. Both the period and the amplitude of the mo- 
tion produced by the testing machine can be varied. 

Figure 6 is a plot of the gravity readings obtained on the testing machine 
using motions having different periods and amplitudes. The gravity readings are 
plotted against the acceleration of the testing machine motion; the amplitudes 
and periods of the motions are given on the graph. The data shown were taken 
with the first submarine gravity meter; later models are capable of operating 
under much greater accelerations. The data indicate a probable error less than 
0.5 mg even though no drift or tidal corrections were made over the three-day 
duration of the test. Laboratory tests were also made on a testing machine pro- 
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Fic. 4. LaCoste and Romberg submarine gravity meter including control units, 
gravity measuring assembly, and recorders. 


ducing vertical motions and on another testing machine producing horizontal 
motions; the tests on these machines gave comparable accuracy. 


DEVELOPMENT OF SURFACE SHIP GRAVITY METER 


Although LaCoste and Romberg submarine gravity meters were first designed 
for operation only in submerged submarines, several members of the United 


Fic. 5. Gravity measuring assembly on submarine simulating testing machine. 
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Fic. 6. Gravity reading at various accelerations March 23-25, 1955. 


States Navy Hydrographic Office have in recent years obtained readings on the 
surface when the weather was very good. The surface readings were checked with 
adjacent submerged readings and found to have adequate accuracy. It seemed 
plausible, therefore, to believe that the submarine meter could be modified to give 
readings on the surface under more average conditions. 

Accordingly, each new submarine meter was made a research project in an 
effort to make it withstand greater vertical and horizontal accelerations without 
losing appreciable accuracy. In this development greater emphasis was placed on 
vertical acceleration, because it was hoged that a 500-ft ship with stabilizing fins 
and a stabilized platform might be made available for tests. In July, 1957, a meter 
was completed which would withstand vertical accelerations of 0.1 g (or 0.2 g 
peak to peak); it was believed that this meter would give satisfactory results on a 
surface ship with a stabilized platform. 

However, our hope of making tests on a ship with a stabilized platform did 
not materialize. When the uncertainty of making such tests was realized, it was 
decided to concentrate work on the horizontal accelerometers so that the gravity 
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meter might be operated in gimbals on a surface ship which did not have a stabi- 
lized platform. Accordingly, horizontal accelerometer tests were made in the 
Gulf of Mexico and in the Pacific. The first test indicated the need for some modi- 
fications, but the next three tests indicated that the modified horizontal acceler- 
ometer would be adequate for making surface readings a reasonable part of the 
time. These tests were made through the courtesy of Mr. R. F. Nixon of the 
Shell Oil Company, Dr. Louis B. Slichter and Dr. J. C. Harrison of U.C.L.A., 
and Dr. Peter Dehlinger of Texas A. and M. College. By this time Dr. Dehlinger 
was very anxious to use a surface ship gravity meter on the ‘“‘Hidalgo’s”’ forth- 
coming IGY cruise. 

In view of the encouraging results of the horizontal accelerometer tests, two 
additional horizontal accelerometers were modified and installed on a gravity 
meter. The complete unit was then tested on the ‘‘Hidalgo” in the hope that the 
test would be successful enough to warrant sending the meter on the IGY cruise. 
However, the horizontal accelerometers failed in spite of calm weather; so the 
“Hidalgo” began its cruise without a gravity meter. 

The cause of the failure was quickly located by comparing the two horizontal 
accelerometers with the original one which appeared to be satisfactory. The 
trouble was found in slow servo response which had been caused by smoothing 
the servo operation. The horizontal acceleration servos did not have the speed 
to follow the fast rolling of the ‘““Hidalgo” whose rolling had a period less than 
three seconds. 

A crash program was then begun to improve the servo performance in time to 
meet the “Hidalgo” at Charleston, S. C. The program was completed in time, but 
there was no time to make tests. In spite of this it was decided to make the rest 
of the IGY cruise. The principal reason for this decision was the great eagerness of 
Dr. Dehlinger to attempt gravity measurements on the cruise. The ‘‘Hidalgo”’ is 
a 136-ft converted mine sweeper. It does not have any stabilizing fins. From 
Charleston to Bermuda the gravity meter could very nearly be read a good part 
of the time, but it was actually read only for a short time a few hundred miles 
from Charleston. Unfortunately, when the weather was good, a serious accident 
occurred which made it necessary to get to Bermuda with all possible speed. 
From Bermuda to Miami via the Bahamas a few readings were obtained. When 
readings could not be obtained, the trouble was caused by too much horizontal 
acceleration due to rolling of the ship. There was seldom any trouble from verti- 
cal acceleration or from horizontal acceleration caused by pitching of the boat. 

From Miami the “Hidalgo” went into the Bahamas, then to a point near 
Havana, next to the Mississippi River, and finally to Galveston. On the entire 
trip from Miami to Galveston, readings were obtained every day; there was only 
a part of one day when readings could not be made. On most of this part of the 
trip readings were made at 10 knots in whatever direction the ship happened to 
be going. Some readings were taken in seas estimated to have 6-ft waves. The 
total duration of readings after leaving Miami was 153 hours. The total duration 
of readings taken between Charleston and Miami was 13 hours. 
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Base readings at Bermuda, Miami, and Galveston were checked with a base 
reading at Charleston. Figure 7 shows the results of the base checks. The largest 
error was 0.2 mg, which is better than the expected accuracy of the bases. The 
base station values for Charleston, St. George, Bermuda, and Miami were fur- 
nished Texas A. and M. College by the Navy Hydrographic Office. The base- 
station value for Galveston was obtained from the Houston airport value as pub- 
lished in the Wood’s Hole Report, Reference No. 53-36. No correction for drift 
was made during the trip which lasted from June 1 to June 29. All LaCoste and 
Romberg gravity meters are calibrated to match Dr. George Woollard’s base 
station network. No calibration change has ever been observed by us in LaCoste 
and Romberg gravity meters. 


Location Land Station Surface Craft Meter Diff. Date 


Charleston, S.C. 979549.0 979549.0 0.0 June 1, 1958 
St George, Bermuda 978823.0 978823.2 +0.2 June 10, 1958 
Miami, Florida 979042.4 979042.3 -0.1 June 21, 1958 
Galveston, Texas 979276.6 979276.5 -0.1 June 29, 1958 


Fic. 7. Land station values for Charleston, S. C., St. George, Bermuda, and Miami, Florida» 
furnished Texas A. and M. College by Navy Hydrographic Office. Galveston, Texas, station value 
obtained by transferring Houston, Texas, airport value, as published in Wood’s Hole Report, Refer- 
ence No. 53-36, to Pier 20 in Galveston, Texas. 


It is apparent that the accuracy of most of the data obtained on the “Hidal- 
go” cannot be checked at the present time; however, there are some checks. One 
of the checks is to examine a line of stations taken while traveling from deep to 
shallow water. Figure 8 shows such a line. The depth varied from 2,580 ft to 210 
ft along the line. In Figure 8 the free air anomaly and depth is shown adjacent to 
each station. The actual positions of the stations are not shown because the data 
will all be published later by Texas A. and M. College. An inspection of Figure 8 
shows that gravity increased smoothly as depth decreased. 

In order to show the relationship between gravity reading and depth more 
clearly, the data of Figure 8 are plotted in Figure 9. This plot shows that the 
readings fall very nearly on a straight line whose slope is about 0.03 mg/ft. If this 
slope is assumed to be a simple Bouguer correction, it corresponds to a density of 
about 3.3 gm/cm', which is too large. It must, therefore, be assumed to be due 
in part to a regional effect. It should be noted that all the readings in Figure 9 fall 
accurately on the line, even including the dock reading. Anomalies would, of 
course, cause the readings to fall off the line. 

Additional checks on the accuracy of the ‘‘Hidalgo” data were obtained by 
finding a few gravity observations previously made near points where “Hidalgo” 
observations were made. These checks cannot be expected to be accurate because 
of navigation and speed errors in either reading. As mentioned before, a one-knot 
error in speed can give an error of about 7 mg. 
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Fic. 8. Line of station from deep to shallow on June 24, 1958. 
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Fic. 9. Plot of gravity vs. depth for deep to shallow line on station on June 24, 1958. 
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Figure 10 shows a comparison of “Hidalgo” readings with previous readings 
which included Vening Meinesz pendulum readings, Gulf Oil Company readings, 
and LaCoste and Romberg submarine gravity meter readings taken some months 
or years ago. The type of reading is indicated in the figure, in addition to the free- 
air anomaly value and the depth of the water. An inspection of the figure indicates 
a good check considering the depth variation. In order to take into account more 
accurately the depth variation, the data of Figure 10 are plotted in Figure 11 with 
depth as abscissa and free-air anomaly as ordinate. Again a line with a slope of 
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Fic. 10. Comparison of LaCoste and Romberg surface gravity meter with 
other gravity data. Comparison No. 1. 


0.03 mg/ft falls very closely on three of the readings; the pendulum reading is 
off the line about 20 mg. 

Figure 12 shows a second comparison of ‘‘Hidalgo” readings with previous 
readings. In this case the two close readings check very well. A Gulf station about 
10 miles away is about 30 mg larger and a “Hidalgo” reading about 11 miles away 
is about 20 mg smaller. This might indicate an anomaly. At any rate, the “‘Hidal- 
go” readings are more consistent than the previous comparison readings. 

Figure 13 is a similar comparison. In this case the “Hidalgo” readings check 
the Gulf readings fairly well, but the pendulum reading not quite so well. Figure 
14 shows three comparisons of “Hidalgo” readings with previous LaCoste and 
Romberg submarine gravity meter readings. These three comparisons all check 
well. 

The preceding accuracy checks include both gravity meter errors and navi- 
gation and ship speed errors. Obviously a check on the accuracy of the gravity 


— 
4 
+24 564 ft. 
30011. fo} 
A 
th i 
+5 
+12 450ft. 
66 fr. 
+ 
Ba 


LUCIEN L COSTE 


© LaCoste & Romberg Surface Meter 
+ LaCoste & Romberg Submarine Meter 
Vening- Meinesz Pendulum 


Free Air Value in mgi. 


260 450 6d0 
Depth in ft. 


Fic. 11. Plot of gravity vs. depth for comparison no. 1. 
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Fic. 12. Comparison of LaCoste and Romberg surface gravity meter with 
other gravity data. Comparison No. 2. 
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Fic. 13. Comparison of LaCoste and Romberg surface gravity meter with 
other gravity data. Comparison No. 3. 
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Fic. 14. Comparison of LaCoste and Romberg surface gravity meter with other gravity data. 
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Fic. 15. Check of surface craft meter readings on passes adjacent to 
drilling platform near Galveston, Texas. 


meter alone is very desirable. It is realized that such tests should have been made 
before the IGY cruise, but they could not have been made due to the lack of time. 
It was arranged, therefore, to make this kind of test after the cruise. The test 
consisted in making several gravity readings on board the “Hidalgo” while run- 
ning past a drilling rig where gravity had been accurately measured by an ordi- 
nary underwater gravity meter. Mr. R. F. Nixon of the Shell Oil Company fur- 
nished the value of gravity at the rig. 

In this test the Hidalgo made four runs past the drilling platform. Three of 
the gravity readings obtained had a time duration of about 15 minutes but one 
had a duration of less than 10 minutes, which is a little short for averaging irreg- 
ular wave motions. The results of the tests are shown in Figure 15. The errors in 
the four runs were 2.4, 0.5, —5.8, and —2.7 mg; the short reading gave the 
—5.8 mg error. The time weighted average of the four runs had an error of only 
—0.9 mg. Additional tests of this type should and will be run in the future. 

It might be of interest to make some comments about the possibility of achiev- 
ing an accuracy of about 0.1 mg so as to make a surface ship gravity meter useful 
in prospecting for oil. Accuracy could be improved in the following ways. 

(1) Location and ship-spaced errors can be greatly reduced by using Raydist 
or some other form of accurate navigation. 

(2) Accuracy could be increased by using a smaller gravity meter range with- 
out resetting. The range of the present instrument is 6,000 mg without resetting. 

(3) Base ties could be made more frequently. 

(4) Greater accuracy could be attained by limiting the allowable horizontal 
and vertical accelerations to, say, 0.01 g instead of 0.1 g. This would reduce 
hysteresis errors and analogue computer errors. It would probably be possible to 
limit accelerations to 0.01 g by using a remote controlled midget submarine to 
house the gravity meter. Several companies already build such devices. 
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TERRAIN CORRECTION CHARTS FOR TRANSITION FROM 
HAMMER CHARTS TO HAYFORD-BOWIE CHARTS* 


C. H. SANDBERGT 


ABSTRACT 


Two systems of terrain corrections are used for gravity surveys in the United States. For detailed 
gravity surveys, the terrain corrections are made with the Hammer charts, which extend out to a 
radius of about 13.6 miles. The Hammer charts emphasize the effect of local terrain. In large regional 
surveys it is advisable to use the Hayford-Bowie charts. These charts cover the entire surface of the 
earth. 

Recently it has been found desirable, in specific instances, to incorporate the results of local 
surveys into larger surveys. In order to avoid repeating the terrain correction of the local surveys it 
is necessary to be able to convert from one system of terrain corrections to the other. 

Nine conversion zones have been completed and are presented in tables. 

The essentials of this paper are found in Table II. The relationship of the two sets of zones is 
shown in Table I. 


INTRODUCTION 


Two systems of terrain corrections are often used in making gravity surveys 
in the United States. The earlier of these makes use of the Hayford-Bowie terrain 
correction zone charts developed in conjunction with the United States Coast and 
Geodetic Survey’s investigation of geodetic problems (Hayford and Bowie, 1912). 
These charts were originally used in the reduction of gravity data obtained from 
a series of pendulum gravity stations established throughout the United States. 
Inasmuch as the distances between stations were in the order of hundreds of 
miles, these charts were designed to cover wide areas and large ranges in elevation 
and for correction to an accuracy of around one milligal (Nettleton, 1940). They 
covered the entire surface of the earth to the antipodes of the station by a system 
of concentric zones. Each zone in turn was divided into an even number of com- 
partments, with the exception of the zone at the station and the zone at the 
antipodes. These latter two zones were single compartment zones. The original 
tables were later modified by Bowie who found it advisable to subdivide the near 
zones when computing the effect of topography and compensation near stations 
in mountainous areas (Bowie, 1917, p. 9). 

With the advent of the gravimeter and the application of gravity methods of 
geophysical prospecting for small, local geologic structures in which station den- 
sity was often measured in stations per square mile, there was a need for terrain 
corrections that would be commensurate with the accuracy attainable from meas- 
urements with these new instruments. The Hammer zone charts were developed 
to meet this need (Hammer, 1939). These charts gave greater emphasis to the 
terrain near the station, and the zones were, therefore, much narrower than the 


* Manuscript received by the Editor October 27, 1958. Publication authorized by the Director, 
United States Geological Survey. 
+ United States Geological Survey, Menlo Park, California. 
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Hayford-Bowie zones. Also, since geophysical exploration was in the beginning 
limited largely to local anomalies, only local topography was significant. Conse- 
quently the Hammer charts cover a radial distance of approximately 13.6 miles 
from the station, the limiting distance to which correction can be carried without 
taking into account earth curvature (Hammer, 1939, p. 193). 

The revival of interest in the application of gravity measurements to the 
study of geodesy, isostasy, and other large-scale problems has made it desirable 
to incorporate many local gravity surveys into the larger networks. Many oil 
companies are making their gravity data available for these larger projects. In 
order to use these company data to their fullest extent it is necessary to be able 
to convert from the Hammer terrain corrections to the Hayford-Bowie system. 
A conversion table for this purpose has been prepared. Zone radii, widths of 
zones, and number of compartments per zone for both Hammer and Hayford- 
Bowie charts are given in Table I and the conversion chart is presented in 
Table II. 

The advanced geophysicist will find the essential results of this paper in Table 
II and the relationship of the two sets of zones in Table I. It seemed desirable, 
however, to include a certain amount of background for the benefit of the reader 
who is less experienced in this field. The inclusion of background material seems 
particularly appropriate since the original Hayford-Bowie paper is out of print 
and is difficult to obtain. 


TERRAIN APPROXIMATION 


When making terrain corrections, some form of approximation of the terrain 
surface that is amenable to mathematical computation is used. Both the Hay- 
ford-Bowie and the Hammer charts are based on a block pattern developed from 
cylinders. This gives a “step” type of approximation of terrain. 

Since both systems are based on the same type of terrain approximation, there 
is no mathematical obstacle in making conversions from one system to the other. 
Within the range covered by both systems, the computations are based on the 
formula for the attraction of an annular right-circular cylinder at a point on the 
axis (Hammer, 1939, p. 192; Hayford and Bowie, 1912, p. 22; Swick, 1942, p. 67). 


THE HAYFORD-BOWIE CHARTS 


The lettered zones of the original Hayford-Bowie charts were computed from 
the general equation 


Ag = + d? — VR? + a? — + (h +d)? 
+ VRP + 


in which Ag is the correction in gals when all distances are expressed in centi- 
meters and the other factors are expressed in cgs units. The factors outside the 
brackets are all constants: r=3.1416; y is the universal gravitational constant 
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TaBLeE I. DimENSIONS OF HAMMER AND HayrorD-BowWIE ZONES 


Hay ford- Inner Outer Width Number 
Hammer Bowie radius radius of zone of 
zones zones feet feet feet compartments 


A 0 6.6 6.6 

0 6.6 6.6 
6.6 54.6 48 
54.6 175 120 
6.6 223 216 
175 558 383 
223 427 204 
427 755 328 
558 1,280 722 
755 1,247 492 
1,247 1,936 689 
1, 280 2,936 1,656 
1,936 2,854 918 
2,854 4, 200 1,346 
2,936 5,018 2,082 
4, 200 5,512 1,312 
5,018 8,578 3,560 
5,512 7,513 2,001 
7,513 11,549 4,036 
8,578 14,662 6,084 
11,549 17,192 5,643 
14,662 21,826 7,164 
17,192 27,690 10,498 
21,826 32,490 10,664 
27,690 40,682 12,992 
32,490 48,365 15,875 
40,682 61,680 20,998 
48,365 71,996 23,631 
61,680 94,488 32,808 


6.670 X 10-8 cgs units; and 6 is the density in gm per cm* (2.67 in Hayford-Bowie 
charts). A graphical illustration of half of a zone (Figure 1) shows the relation of 
the various distances in the above equation. If we note that 
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+ (kh + = 11; 


and if we combine all the constants into a single constant K, we may write the 
equation in the simpler form: 


Ag = K(r4 — — r2 + 11). 


When Hammer prepared his charts, he corrected for the material between the 


TABLE II. HAMMER TO HAYFORD-BOWIE TERRAIN CONVERSION TABLE 


Zone E-D, F-E, H-G J-1 K-J L-K 


Inner 1,280 8,573 21,826 32,490 48,365 
radius (ft.) 
Outer 1,936 11,549 27,690 40,632 61,680 
radius (ft.) 
Compartments 6 12 20 16 20 


5 


Oh (ft) Correction per compartment in units of 10° gal. based on density of 
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71,996 
| | 
94,488 
2.67 

150 6 2 1 - - - | - 
| 200 11 3 1 - - - 
| 400 38 12 4 2 - - - - | 
ee 500 53 18 5 3 1 - - - | - a 
600 71 24 8 4 1 
800 104 40 14 7 3 | 
1,000 134 58 21 11 4 
1, 200 160 75 29 16 
bial 1,400 183 93 38 21 8 Go 
1,600 201 110 48 27 ll 
1,800 218 126 59 | 35 13 | 
me 2,000 232 140 70 | 42 16 | i 
2,200 244 153 81 50 20 
ie 2,400 255 166 93 58 23 | a 
2,600 263 178 104 68 | 

2,800 272 188 1160 | 
3,000 280 197 128 | 86 36 
3,500 294 218 156 48 1 
4,000 306 234 182 136 61 | 1 
4,500 315 248 206 163 74 | 1 
5,000 322 259 227 189 
| 
5,500 329 268 245 215 105" | 
: 6,000 334 276 264 239 121 29 23 Se 
z. 6,500 337 284 280 263 137 33 27 ee 
= 7,000 339 288 294 286 153 38 32 a 
8,000 348 300 320 329 185 49 41 
y 9,000 354 307 340 367 217 61 51 a 
S 10,000 357 314 358 401 247 74 62 i 
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Fic. 1. Configuration of Hayford-Bowie zone. 


station elevation and the datum plane by using the simple Bouguer correction, 
as Helmert, Bullard, and others (Hammer, 1939, p. 189) had done. Hammer’s 
terrain corrections pertain, then, only to material above or below the plane 
through the station and are consequently based on the equation for the attraction 
of a right circular cylinder for a point on the axis and in the plane of one end of 
the cylinder: 


Ag = — Ri t+ VRP + — VR? + 


This equation can be derived from the Hayford-Bowie equation by letting d equal 
zero. The geometric relations of the elements of the equation are illustrated in 
Figure 2. If we note that R,.—R;, is the width (W) of the zone, we may rewrite 
this equation in a simpler form as we did the Hayford-Bowie equation: 


Ag = K(W + 171 — 72). 


The terrain correction for an annular zone is a constant K, dependent on the 
units used, times the sum of the two shorter sides minus the longer side of the 
triangle SAB (Figure 2). 


CONVERSION CHARTS 


Since both types of terrain correction charts have been computed from the 
same basic formula, it is a simple matter to set up a series of transition zones by 
which it is possible to go from a Hammer correction zone to the next larger 
Hayford-Bowie zone. The corrections for curvature and isostatic compensation 
can be computed in accordance with the method used by Swick (1942). 
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Fic. 2. Configuration of Hammer zone. 


Nine such transition zones have been computed and the results tabulated in 
an arrangement similar to the Swick tables for the correction for topographic 
effects (Table 2). The transition charts were computed using a density of 2.67 
gm per cm* which was also used in the Hayford-Bowie charts and the Swick 
charts. This density is the mean surface density of the solid portion of the earth’s 
continental crust (Hayford and Bowie, 1912, p. 10). The Hammer charts have 
been computed on the basis of a density of 2.00 gm per cm*. This density is an 


approximate average for unconsolidated sediments. The difference of density 
factor must be taken into account when converting Hammer terrain corrections 
to Hayford-Bowie corrections (Hammer, 1939, p. 193). 

In general, when converting from Hammer to Hayford-Bowie terrain correc- 
tions it will be necessary to multiply the Hammer values by a factor 1.34 (i.e., 
2.67/2.00). 

A satisfactory template for use with these conversion charts can be impro- 
vised by superposing a Hammer template on a Hayford-Bowie template. The 
zonal area applicable to the conversion charts will be the area between the outer 
radius of the Hammer zone to which terrain corrections have been carried and the 
inner radius of the Hayford-Bowie zone to which conversion will be made. In 
some cases it may be found better to draw a circle on the Hayford-Bowie chart 
to indicate the limit to which the Hammer corrections have been carried. 

To illustrate how the conversion charts can be used, let us suppose a survey 
had been conducted in which terrain corrections had been carried through the G- 
zone of the Hammer charts. We look in Table I and note that the outer radius of 
the Hammer chart G zone is 5,018 ft. Therefore terrain corrections have been 
completed out to a distance of 5,018 ft. This, then, becomes the inner radius of 
the conversion zone we will use. If now we look in Table II, line 2, we find that 
conversion zone G—Fy has an inner radius of 5,018 ft. The outer radius of this 
conversion zone is 7,513 ft. Again looking in Table I, under Hayford-Bowie zones 
we find 7,513 ft is the outer radius of zone F, and the inner radius of zone G. 
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22.38 mg limit E-D, os 


18.45 mglimit E os 


milligals 
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© 2 inflection points of curves 
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Fic. 3. Comparison graphs of original Hammer zones and conversion zones. 


Hence by using column 5 of Table II we can make the terrain corrections for the 


area from Hammer zone G through zone F2 of the Hayford-Bowie charts. We 
then continue the terrain corrections, starting with the G-zone of the Hayford- 
Bowie charts. If we take a Hayford-Bowie template of proper map scale and 
draw a circle with a radius equivalent to 5,018 ft, the area between this circle 
and the inner radius of the G-zone will be the template for the conversion zone. 
If our map scale is 1/62,500, the radius of the circle we draw would be 0.96 inch. 
The outside radius (i.e., the inner radius of Hayford-Bowie G-zone) of our con- 
version zone would be 1.44 inches. 

In conclusion, a word of caution should be added. The very nature of the 
terrain-correction curves is such that linear extrapolation of tabular data is 
hazardous. A quick look at Figure 3 will make this clear. Figure 3 is a graphical 
representation of transition curves D—D, and E—Dhz, together with similar 
curves for D- and E-zones of the Hammer charts for comparison purposes. 
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MAGNETIC DIPOLE NOMOGRAMS* 
CHARLES E. PRICEt 


ABSTRACT 


Two nomograms or alignment charts are presented for the solution of the magnetic-dipole equa- 
tions for magnetic intensity over a dipping dipole Az= — m/(d,/r;3—d2/ro*) and Ah= —m(e,/r;3—e2/12*). 
The two charts are used in conjunction with each other and are as accurate as is needed for field work. 
One of these charts will be found useful also in other calculations involving d/r’. 


INTRODUCTION 


In magnetic surveying it is often necessary to locate the position of residual 
or permanent magnetic dipoles. The standard method of solution is by trial- 
and-error curve fitting. Various values of the parameters in the dipole formulas 
for magnetic intensity are assumed, and the magnetic-intensity curve is calcu- 
lated and compared with the observed curve. New values are assigned the various 
elements, and another magnetic-intensity curve is calculated. This process is 
continued until the investigator is satisfied with the match of the curves. In 
practice these calculations are very time consuming. The two nomograms pre- 
sented here were constructed primarily to expedite the determination of values of 
vertical or horizontal intensity for the dipole represented by the assigned values; 
however, the nomogram of Figure 1 will be found helpful also in evaluating any 


equations involving d/r*. One such calculation involves the gravity anomaly over 
a buried sphere. This anomaly is given by Ag = K(d/r*) where Ag is the increment 
of gravity, K is a parameter involving the radius, density, and gravitational 
constant, d is the depth to the center, and r is the distance between the instrument 
station and the center of the sphere. 


DERIVATION AND USE 


For the purpose of this paper, the magnetic-dipole equation for vertical 
magnetic intensity may be written Az = — m(d,/r13— d2/re*), where Az is the verti- 
cal component of magnetic intensity at any instrument station P, m is the pole 
strength, d; is the elevation of instrument station P minus the elevation of the 
north pole, dz is the elevation of instrument station P minus the elevation of the 
south pole, 7; is the distance between instrument station P and the north pole, 
and 72 is the distance between instrument station P and the south pole. 

Of course, any nomograms applicable to the evaluation of this equation will 
be suitable also for determining the value of the horizontal component of mag- 
netic intensity, Ah, from the equation Ah= — m(e:/r;'—e2/ro*). In this equation, 
Ah is the horizontal component of magnetic intensity at any instrument station 


* Publication authorized by the Director, United States Geological Survey. Manuscript received 
by the Editor August 18, 1958. 
t United States Geological Survey, Tacoma, Washington. 
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Fic. 1. Chart for evaluating R=d/r*. 
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P, e, is the horizontal distance from the instrument station P to the north pole, 
é2 is the horizontal distance from the instrument station P to the south pole, and 
the other elements in the equation have the same meaning that they have in the 
equation for the vertical magnetic intensity. 

The first nomogram (Figure 1) is designed to evaluate the ratio d,/r;°, i=1, 2. 
If R is used to represent the ratio d/r*, then, evidently, and 42/123. 

The R- and d-scales are perpendicular straight lines linearly graduated with 
a common zero and arbitrary, convenient scale factors. The r-scale is an arc of a 
circle with its center at the common zero and with an arbitrary convenient radius. 
If the angle between the horizontal and the line through the points corresponding 
to the given values of R and d is called 6, tan 6=X(d/R), where J is a constant 
depending on the ratio of the scale factors chosen for d and R. Hence, 


1 
d/R = — tan8, 


and if the r-circular scale is graduated so that 
Ar® = tan 6, 
= d/R, or 
R = d/r’. 


For the particular scale factors of Figure 1, \=1/20. 

To use the nomogram in Figure 1, the edge of a drafting triangle is placed 
through the origin and the value of r on the quarter-circle. The user holds the 
slope of this edge constant by means of a straightedge along the triangle’s base, 
then he slides the triangle upward until the edge intersects the value of d. The 
desired value of R is the value that corresponds with the point of intersection 
formed where the triangle edge crosses the R-scale. In Figure 1, the diagonal 
lines represent the triangle-edge positions for evaluating the ratio R when r= 2.23 
and d=7.6. In this example, R has a value of 0.68. 

Letting R,; represent the ratio d,/r;* and R: represent the ratio d2/r2*, we may 
state the dipole equation for vertical magnetic intensity as Az= —m(R,—R2). 
As the nomogram in Figure 1 gives a satisfactory means of evaluating the ratios 
R, and R2, we may turn our attention to the problem of constructing a nomogram 
to solve the latter equation in four variables. 

The scales for R; and R: are parallel, linearly graduated, straight lines with 
an arbitrary common scale factor. The distance between them is chosen arbitrarily 
and conveniently. The m- and Az-scales are perpendicular, linearly graduated 
straight lines with common zero and arbitrary, convenient scale factors. The 
slope of the line through given values of R; and Re is \y4(Re—R), where A, is 
determined by the R-scale factor and the distance between the R,- and R2-scales. 
The slope of the line through given values of Az and m is \2(Az/m), where Xz is 
determined by the Az- and m-scale factors. If the nomogram is constructed so 
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that A=), the equality of slope of parallel lines gives 


Az/m = — R)) 


Az = — m(R, — R2). 


For the particular scale factors of Figure 2, \y=A2:= 1. 

To use this nomogram, place the edge of a drafting triangle through the 
values of R; and Re, on their respective scales. Holding the slope of this edge 
constant by means of a straightedge along the triangle’s base, slide the triangle 
until the edge intersects the value of m. The desired value of Az is the value that 
corresponds with the point of intersection of the triangle edge and the Az-scale. 
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Fic. 2. Chart for evaluating As= —m(Ri—R.). 
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In Figure 2, the diagonal lines represent the triangle-edge positions for determin- 
ing the value of Az when F,=0.77, R2=:0.143, and m=590. In this example, 
Az= —370. 

When R,> R2, Az is negative; when R,< Ro, Az is positive. When Ri< Ro, the 
value of R; is set on the right-hand R-scale, and the value of Re is set on the left- 
hand R-scale. Where one ratio is positive and the other is negative, a constant 
may be added or subtracted from both. 
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DIRECT INTEGRATION OF CONTINUOUS VELOCITY LOGS* 
E. B. MANCHEEt 


ABSTRACT 


The number of conventional check shots associated with a continuous velocity log (CVL) well 
survey may be reduced to one or perhaps to zero if the integration of CVL travel times can be made 
at least as accurate as check-shot times. This should be possible if mud lag and instrumental lag 
can be taken into account. By the use of a centralizer on the CVL sonde and a caliper log, mud lag 
may be calculated. A digital computer may be used to simplify reduction of the data. Results to date 
are encouraging but further testing of the method will be necessary. 


INTRODUCTION 


The purpose of this paper is to present the results of some studies on con- 
tinuous velocity logs carried out by the Staff Geophysical Group of The Cali- 
fornia Standard Company. It is our hope that others have been working along 
these same lines and that they will thus be encouraged to publish any results 
they may have obtained. While we feel that the method to be described has 
definite possibilities, we wish to stress that it is based mainly on empirical results 
and requires further testing and theoretical analysis. 

It is proposed that use of the two-element (i.e., single receiver) continuous 
velocity log be extended in such a way that all check-shots (except possibly one 
for a surface time-tie) be eliminated. This should be feasible provided the inte- 
gration of individual travel-time determinations can be made to give time-depth 
values at least as accurate as those given by conventional check-shots. When 
certain precautions are taken we believe that this accuracy may be obtained and, 
indeed, exceeded. 


DESCRIPTION OF METHOD 


Everyone who has used continuous velocity logs (hereinafter called V-logs) 
has noticed that all the check-shot times do not always agree with the equivalent 
V-log times on the integrated time-depth curve. The discrepancies are usually 
not more than a few milliseconds, but they may sometimes be as large as 8 or 10 
milliseconds. The interval-velocity uncertainty thus introduced could be critical 
in some areas. After studying some 60 V-logs from our files we were still uncertain 
as to whether we should believe the V-log integration or the check-shots, and 
we set out to examine the problem. 

We satisfied ourselves that the integration process was adequate by hand inte- 
grating several time-depth curves, and rechecked the computations of a number 
of mistying check-shots. Since we could not reduce the misties we began to in- 
quire as to their causes. It is important here to be familiar with the Seismograph 


* Manuscript received by the Editor July 1, 1958. 
¢ The California Standard Company, Calgary, Alberta, Canada. 
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Service Corporation’s' method of tying the V-log time-depth curve to the check- 
shots. It is briefly as follows. 

The check-shot times are corrected to reference and listed. The integrated 
travel times for the check-shot depths are taken from the V-log field original and 
listed beside the check-shot times. The average rate of deviation between these 
two sets of values is determined as so many microseconds per sonde length and 
called the “‘mud delay time.” The V-log time-depth curve from the field original 
log is now tied to one particular check shot (the “‘calibrating shot’’) and its slope 
corrected according to the average ‘‘mud delay time’’ determined as above. In 
some cases it is necessary to use two or even three different ‘“‘mud delay times” 
over different portions of the survey in order to provide an acceptable fit. Thus, 
the V-log curve is forced to approximate the check-shot curve. Minor misties 
still occur between the check shots and the final integrated curve, and these must 
be accepted as random errors in picking, etc. 

But why should the “mud delay time”’ be the same over the entire length of 
the hole or, indeed, over any significant portion of it? Is it not likely that the 
sonde moves to and fro in the hole as it is being drawn up and that caving would 
also affect the delay time? The method to be described in this paper provides 
for a continuously variable mud delay time, and it will be shown that this meth- 
od provides a very good tie to all reliable check shots. 

It is obvious that a perfect tie to all check shots could be obtained by using 
a different constant mud delay time for each pair of adjacent check shots in the 
S.S.C. method. However, this would be no improvement over the present S.S.C. 
method, since the possibility of hole-size variations would still be ignored and 
the assumption would be tacit that all the check shots were equally reliable. The 
author feels that both these assumptions can lead to erroneous results and that 
there is need for a scheme such as that outlined in this paper, disregarding for the 
moment the question of elimination of check shots. 

Figure 1 shows a sonde hanging in a borehole in several different configura- 
tions. It is obvious that if the transducers are pressed against the borehole wall 
(and instrumental lag is ignored) the time taken for the pulse to go from the 
transmitter to receiver will be the true formation time and may be summed di- 
rectly. This time may be affected by invasion or flushing of the zone near the 
borehole wall. On the other hand, if the sonde is hanging freely in the borehole, 
part of the path of the pulse will be through the mud in the borehole. The length 
of this part of the path will vary with the lateral position of the sonde in the hole, 
the size of the hole, and the ratio of mud velocity to formation velocity. Instead 
of considering path length, however, we may consider ‘“‘delay time” in the mud 
and now the problem is seen to be synonymous with the ordinary single-layer 
refraction problem. Two methods of removing the mud travel time are given 
below, each involving complex and repetitious calculations and therefore suitable 
for machine computation. In Figure 2 
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Fic. 1. (a) Sonde not touching the hole wall. (b) Sonde touching the hole wall. 


is the velocity of sound in the mud in ft/sec, 

is the average formation velocity at the sonde in ft/sec, 

is the total travel-time from transmitter to receiver in seconds, 

is the vertical distance from transmitter to receiver, 5.92 ft in this case, 
is the diameter of the sonde in inches, 

is the diameter of the hole in inches. 


is the critical angle of incidence between mud and formation, i.e., 
sin Vy. 


The travel-time equation for this configuration is 


tan? 2do 
Vy Vy Vim COS 1 
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Fic. 2. Sonde centralized in the borehole. (Centralizers generalized) 


2d cost (2) 


Vin 


where the second term on the right-hand side of equation (2) represents the delay 
time; that is, the extra travel time due to the fact that the sonde is not pressed 
against the borehole wall. 

If we know T (from the V-log), L, d,, d, (from the caliper log), and V,,, and 
if the sonde is centralized in the hole, we can now solve for V;. This result will be 
the instantaneous velocity which may be used directly in an analogue computer 
such as the S.S.C. mechanical integrator; but for use in a digital computer (see 
below) these values must be averaged, in, say, 5-ft vertical intervals. The true 
average travel-times for each interval may now be deduced, and when these 
times are summed they will produce the corrected time-depth curve. 

The above method, which may be called Method I, has been programmed for 
processing on an I.B.M. 604 electronic computer. For each 5-ft interval in the 
well one card is punched with the average hole diameter and the average time, 
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taken from the caliper log and the field original of the V-log respectively. The 
proper depth for each card may be key-punched or computed. Master cards, con- 
taining delay-time data pertinent to a given hole diameter and range of T’s are 
sorted into the deck and the information gang-punched from the master cards. 
In one pass through the computer (at 50 cards per minute) the corrected time 
for each 5-ft interval, the interval velocity for each 5-ft interval, and the inte- 
grated time from the reference plane to the particular 5-ft interval under con- 
sideration are computed and punched on the cards. The average velocity from 
the reference elevation may also be punched. A lead card is used to introduce the 
time and depth from the reference surface to the start of the V-log. The values 
are then listed and plotted. 

Method I involves much card handling (sorting, gang punching, resorting, 
etc.). If the I.B.M. 604 is equipped with a device called “program repeat” a 
much simpler method which we will call Method IT is available. Equation (2) may 


be put into the form 
1 2do 


Assuming that 7, LZ, do, and JV, are known, the ‘‘program repeat” feature 
enables the machine to solve for V; by successive approximations. The hole 
diameters and V-log times are key-punched into the cards as before. Two runs 
through the computer are required: The first run (at 30 cards per minute) com- 
putes the corrected time for each 5-ft interval and the correct interval velocity; 
the second run (at 100 cards per minute) computes the total time from datum, 
the total depth from datum, and the average velocity from datum. One lead 
card, containing depth and time from datum to the start of the V-log is required 
for the second run and no other card handling is required. The values are then 
listed and plotted. 

The I.B.M. 604 is a small computer of limited capability and has been used in 
this case simply because it was readily available. There is no doubt that a larger 
computer would make short work of the above equations. 


RESULTS 


We have computed a number of time-depth curves by the methods given 
above. Three of these are shown in Figures 3, 4, and 5. In order to avoid con- 
fusion only selected points on the time-depth curve as computed by S.S.C. have 
been shown. In Figure 3 the integrated time-depth curve is tied to the shallow 
check shot and fits the deeper check shots as well as does the S.S.C. time-depth 
curve. In Figure 4 the integrated time-depth curve is not tied to any particular 
check shot but has been laterally shifted to provide the best average fit to all 
check shots. This survey was run without centralizers on the sonde and is in- 
cluded here to illustrate the use of the 0.5 factor (see discussion). Figure 5 shows 
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ONE WAY TIME (SECS.) 
© SSC. CORRECTED CURVE 
— CAL. STAN. CORRECTED CURVE 
@ CHECK SHOTS 


CENTRALIZED 
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Fic. 3, Comparison of the integrated time-depth curve and the S.S.C.-corrected curve. 
The integrated time-depth curve is tied to the shallowest check-shot. 


the time-depth curve for a survey for which only three check shots were obtained. 
In this case S.S.C. chose to fit the time-depth curve to the two deepest check 
shots and assume the top check shot to be affected by near-surface anisotropy. 
It will be seen that the time-depth curve obtained by the method of this paper 
(tied to the bottom check shot) splits the upper two check shots. The sonde was 
centralized. 

It is apparent that the synthesized time-depth curve ties the check-shots very 
well in each of the first two cases. This tie has been effected by using a contin- 
uously variable mud delay time. As indicated in the figures, the S.S.C. method of 
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Fic. 4. Comparison of the integrated time-depth curve and the S.S.C.-corrected curve. The 
integrated curve is corrected to best average fit of all check-shots. No centralizers were used in this 
survey. Consequently the 0.5 factor has been applied to dp. 
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Fic. 5. Comparison of the integrated time-depth curve and the S.S.C.-corrected curve for a 


survey where the sonde was centralized. The integrated time-depth curve was tied to the deepest 
check-shot. 


correcting the field original also ties the check shots closely, by using a constant 
mud-delay time. Thus, insofar as the check-shot times may be said to be correct, 
the two sets of time-depth curves are equally correct except for Figure 5 which 
represents an honest difference of opinion. However, it must be remembered that 
the S.S.C. curve was in each case fitted to the check shots, whereas the “Calstan” 
curve was determined with no reference to the check shots except for one tie- 
point. For these examples and the few additional ones in our files, the method 
described in this paper appears to be valid. If it can be shown to be universally 
valid, or valid within certain limits, it could be used to save almost all costs now 
being incurred in obtaining check shots. 


DISCUSSION 


Reading the time and hole-diameter values from the logs is a somewhat tedi- 
ous job when done by hand. However, automatic readers are available which 
enable the operator to convert the field original analogue data to punched card 
data very quickly. Also, it should be possible to record the field data on tape and 
have the entire process automatic. If it were economically feasible, a caliper tool 
could be incorporated into the sonde, and a small, special-purpose computer could 
be built into the truck to compute instantaneously the various corrected times 
and velocities for automatic plotting. The initial cost of such a setup might be 
justified by the saving in manpower (computing and plotting) over a period of 
time. 
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There are several facets of the problem which are still under investigation. 
One is mud velocity, which probably varies in some complex fashion with mud 
type, hole depth, pressure, temperature, etc. We have used a constant mud 
velocity of 5,000 ft/sec, based on a few references in the literature. Random error 
of 100 or 200 ft/sec in V,, is not important, but a consistent error of as much as 
500 ft/sec, if carried for 5,000 ft of hole, would cause an error in the time-depth 
curve of 0.010 sec. In any event, it is hoped that laboratory experiments will be 
carried out in an effort to determine some law of variation for Vn. 

Determinations of the size of the hole and the position of the sonde in the hole 
also present their problems. It is not certain that section gauges and microlog 
caliper logs give true wall-to-wall diameter readings in all cases. Calculations 
show that when using equation (3), above, a consistent error of § inch in all 
determinations of d, may produce as much as 0.001 sec of error in the time-depth 
curve per 5,000 ft. This is considered negligible, and hole diameter readings have 
been made only to the even }-inch. 

As far as position of the sonde in the hole is concerned, the only entirely satis- 
factory way to maintain control over this variable is to use centralizers at the top 
and bottom of the sonde. Knowing the diameters of the sonde and the hole, one 
can quickly calculate do. We have had good success with this method. In the case 
of older logs for which no centralizers were used we have derived empirically a 
factor of 0.5 to be applied to do. The use of this factor, in effect, assumes that the 
sonde is on the average one half of its maximum possible distance from the hole 
wall. This factor has not been derived by mathematical analysis; it happens to 
produce a very good tie between check shots and the V-log integrated curve and 
is considered to be reasonable. 

The question of a time-tie from the surface to the top of the V-log is still 
undergoing investigation. We have found in Manitoba that it is usually sufficient 
to take one check-shot from a 10-ft, hand-augered hole when the geophone is at a 
depth of 500 to 1,000 ft. This configuration is, of course, subject to the depth of 
surface casing and the near-surface conditions. In an uncased hole it might be 
possible to run the sonde right to the surface and thus eliminate the need for 
check-shots. Perhaps it would be possible to log the upper part of the hole before 
surface casing was set. 

Mr. J. E. Hawkins of the Seismograph Service Corporation has informed us 
that instrumental delay in their V-logging equipment is of the order of 10 micro- 
seconds. Since our present summation interval is 5 ft, we might expect 0.002 sec 
error per 1,000 ft of survey from this cause. As long as we recognize this error 
there is no cause for alarm, since a correction can easily be applied. Ten micro- 
seconds are subtracted from each reading by the computer before any computa- 
tion takes place. 

CONCLUSION 

This paper has outlined some preliminary work that has been done on the 

problem of relating the two-element, V-log time-depth curve to the check-shot 
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time-depth curve in any given borehole. The empirical results are encouraging. 
It is the author’s hope that others have considered this problem and will present 
any results they may have obtained. Finally, the plea is made for more wide- 
spread use of the centralized sonde and the attendant caliper log so that sufficient 
evidence may be accumulated to support the thesis presented above or to force 
its modification. 
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OPTIMUM PROSPECTING PLANS IN MINING EXPLORATION*§ 
R. M. ELLIS anp J. H. BLACKWELL 


ABSTRACT 


The method of L. B. Slichter (1955) for optimizing prospecting plans in cases where geological 
information is meager has been extended to take account of a number of additional factors. 

These include non-random distribution of ore in plan, non-random distribution in depth and 
finite thickness of ore bodies. Involved is the problem of overlap of ore bodies which appears to be 
of minor importance in most practical circumstances. 

Evaluation of maximum profit ratios (or net profits) indicate that the new factors make signifi- 
cant changes from the results predicted by the simpler treatment and thereby justify the additional 
complication. 

It appears that in many practical problems digital computing facilities could be used to advantage 
to accelerate problem solution. 


INTRODUCTION 


In an earlier paper, L. B. Slichter (1955) has examined the prospecting prob- 
lem in cases where the geological information is meager and where it is desired 
to make the best possible use of this information by employing operational re- 
search methods. An example of such a problem is the search for uranium ore in a 
region favorable for its deposit but where the ore is covered by overburden. 

Slichter assumes that the ore bodies or “targets” are randomly distributed 
both with respect to distribution in plan and orientation of their major axes. 
The a priori probability of discovery is then everywhere the same. It is assumed 
that the depth-to-ore and geological conditions are uniform throughout the area 
being prospected. The drill holes are vertical. Hence the only factors affecting 
the chance of discovery are the plan area and shape of the targets. 

Slichter’s objective is a spacing for a uniform grid of drill-holes which will 
maximize the profit ratio—the ratio of the value of ore discovered to the total 
cost. 

Now field conditions do not always approximate Slichter’s conditions very 
closely. For example: 

(1) In a particular region to be prospected, there may be several formations 

present favorable for the deposit of ore bodies. 


* Manuscript received by the Editor September 3, 1958. 
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§ Epiror’s Nore. This paper is not a paper on geophysics in the strictest sense of the word; 
however, its combination of mathematics, exploration, and management makes it of interest particu- 
larly to that increasing number of geophysicists trained in exact sciences who are assuming manage- 
ment responsibilities with major companies. Appreciation c‘ the value and limitations of precision 
in thought and in measurements is one of the unique attributes of the successful geophysicist. For 
such reasons it is believed both by the authors and the Editor that Grornysics offers the most ap- 
propriate medium. Extensions of the methods of this paper to specific problems in mining and petrole- 
um geophysics are indicated. 
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(2) The available geologic information may indicate that targets may be 

more abundant in some formations and areas than others. 

(3) The targets will be distributed vertically as well as in plan. 

(4) Various thicknesses of targets may be found. 

The present work is an attempt to extend the work of the former paper to take 
account of some or all of these factors. 

As in the previous paper, the objective is still to maximize the profit ratio 
(or perhaps the net profit). We must now, however, determine optimum drill- 
hole spacings, which in general will vary over the region being searched, together 
with optimum drill-hole depths to be associated with these grids. 

In the method of attack employed we retain the basic plan-search statistics 
of Slichter and superimpose on them additional considerations due to the more 
complex geometry of the present problem. 


BASIC ASSUMPTIONS 


The general method of solution is to divide the large volume to be prospected 
into sub-volumes of such a size that the targets may be considered randomly 
distributed within each sub-volume. The large area to be prospected is first 
divided into sub-areas (Az) of such a size that the targets may be assumed to 
be randomly distributed in plan within each sub-area.! The volume below each 
sub-area is then divided into sub-volumes of such a thickness that the upper 
surface of the targets may be assumed to be randomly distributed in depth 
within each sub-volume (H,,). The number and thicknesses of sub-volumes need 
not be the same below each sub-area. The geometry of the region searched is 
shown in Figure 1. 

As in the Slichter method, the number of targets within each sub-volume 
and their description are estimated from the available geologic information. The 
true ore bodies are replaced by equivalent targets which are rectangular parallele- 
pipeds with one pair of faces horizontal. These targets are described in the analy- 
sis by their plan area, fineness ratio (ratio of plan length to breadth), and thick- 
ness. 

The values of these parameters are fixed by the requirements: 

(1) The plan area of the target is equal to the area of the projection of the 

true ore-body on the horizontal plane. 

(2) The fineness ratio of the target is such that if the target is placed over the 
ore-body projection in plan the ratio of the unlapped area to the over- 
lapped area is a minimum. 

(3) The volumes of targets and true ore bodies are equal. 


Completeness of Search 


The two principal parameters of the Slichter method are defined as follows: 
For targets of plan area ‘a’, fineness ratio A, and drill-grid spacing ‘s’ 


1 For statistical purposes the sub-areas should still be large compared to the size of the targets. 
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Fic. 1(a). Plan view of searched region. 


pee Fic. 1(b). Cross-section through BB’. 


Fic. 1. Geometry and notation of searched region. 


Completeness-of-Search, 


quantity of ore found 


C(s, a, 
total amount present 


Discovery Hole Economy,’ 


no. of discovery holes 
(2) 


no. of piercing holes 


We modify the definitions of these parameters for the present problem. 

In place of (1) and (2) we have for targets of plan area ‘a,’ fineness ratio X, 
thickness ‘t,’ in sub-area A, with drill-grid spacing s,. 

Plan Completeness-of-Search, 


plan area of ore found in A; 


a, \) = 


plan area of ore present in A; 


Discovery Hole Economy, 


no. of discovery holes in Az ; 
(2a) 


E,(sz, a, \) = —— - 
no. of piercing holes in A, 


2 When more than one hole hits the same ore body, only the first is counted as a “discovery”hole. 
The remainder are referred to as “piercing” holes. 
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In Slichter’s problem, which is independent of target thickness and involves 
only one “sub-area,” obviously 
Ge (3) 
Also, Slichter points out in his case that 
C = Eas“, 
and the equivalent relation in the present treatment is 
C, = E,asz~*. (4) 


In calculating C, as a function of s,, a, \ (actually of s,/+/a, and \), we can make 
use of Slichter’s methods and tables since our C, and his C are equivalent. 


(a) (b) 


Fic. 2(a). Cross-section of sub-volume without overlap. (b) Cross-section of sub- 
volume illustrating overlap. 


Value of Ore Discovered—Overlap Neglected (see Figure 2a) 

If the effect of overlap is neglected temporarily, the value of ore discovered 
in each sub-volume with hole depth f, may easily be calculated. The value of 
ore discovered in sub-volume H,, is 

(V4) zy = tah a, A)v(a, t) zy (5) 


a,d,t 


where 
v(a, t)=‘‘value”’ of ore body of area ‘a’ and thickness ‘t’® 
— no. of ore bodies in sub-volume H,,, of description (a, A, 


hey—hey-1 “i 


1 Se a Nay 
where 


3 The meaning of “value” of an ore body is discussed below. 
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f.=depth of drill hole in sub-area A,, 
hz,=depth to lower surface of sub-volume H,,, 
i.e., the value of ore discovered is just the Slichter value for the sub-volume multi- 


plied by 
drill-hole penetration 


total thickness 


Hence the total value of ore discovered under A, 


(Ve = (Way 
y 
a 7 
y,a,r,¢t 
We take this opportunity of defining a useful auxiliary parameter, to be 
used later. The overall completeness for sub-area A, 


total value of ore discovered under A, 


total value of ore present under A, 


y.a,A,¢ 


The total value of ore discovered in the whole search region 


V= (Vs (9) 


Overlap Problem (see Figure 2b) 

In the calculation of the value of ore discovered, the effect of the overlapping 
of targets has been neglected. The value of ore discovered will be increased if 
two targets are overlapped, since if the lower target is discovered in the grid 
drilling process and the upper is not, then the latter will be discovered in the 
process of proving the lower one. The converse, of course, is not true. 

As an approximation all overlaps are assumed to be doublets. Consider first 
one sub-volume containing 

nhp bodies of type 1, 

nzy bodies of type 2, 

Nzy bodies of type 3. 
Then the additional value of ore discovered in H,,, is 


(V!)2y = + putes + (ney — 1 terms) 
3 


+ similar terms for bodies of type 2 and 3, 
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v,= value of body of type ‘x’, 
= probability that a specified target of type overlaps a speci- 
fied target of type ‘v,’! 
({=plan completeness for a target of type ‘w’ in A,, 
=probability that a target of type ‘w’ is found by the drilling 
process in a region which the drill holes completely penetrate, 
e{,C%= probability that a target of type ‘w’ is found by the drilling 
process in a region which the drill holes partially penetrate, 
e{,(1—C%)=probability that a target of type ‘w’ lies in the penetrated 
region but is NOT found in the drilling process. 
The factor of 4 is the probability that the undiscovered target in the drilling 
process is the upper target in the overlap. 
Generalizing to N different types of target we obtain 


u=l v=l 


(10) 


u=1 


where nz,=no. of bodies of type ‘uv’ in H,,. To account for overlap between 
sub-areas we add a similar term to 


(Vey 


obtaining finally for (V‘)j, the value of additional ore discovered due to overlap, 


y maz y-l N 


y=2 m=1 v=1 

Hence in place of (V/), we should, in principle, use (V/),+(V/)}. However, due 
to the low concentration of targets in many applications, (V/);<(V‘), and may 
be neglected. Again, finite thickness of targets has been ignored in the above 
treatment but since the effect of target thickness is to decrease (V‘){ further, 
and since target size has been assumed throughout as small compared with the 
size of sub-volumes, the error introduced will be of second order and is neglected 
along with all other second order effects. 


“Value” of an Ore Body 


We choose to treat this “value” as the gross profit obtained from an ore 
body, i.e., the selling price of the final product per pound less the mining, process- 
ing, and immediate overhead costs per pound multiplied by the number of 
pounds of ore in the body. 


4 See Appendix I 
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The mass of an ore body (a, A, ¢) = pat tons. (p = average density of the rock.) 
Let B be the number of pounds of ore/ton of rock, S be the selling price of ore in 
dollars per pound. Then the “value” of an orebody=jpatBS dollars, where 7 
is an empirically determined constant, the “relative gross profit.” 


Costs 
The four basic costs of the Slichter method are retained with slight modifica- 
tion. 
For sub-area x let the total cost be G,, overhead costs O,, land cost Lz, drilling 
cost D,, proving cost P,.5 
Then 
= aG, + BA;, (12) 
(13) 
= N.[do + di + dose], (14) 


y,a,r,t 
where a, 8, yz are estimated constants, 
N,=no. of drill holes in A,, 
d)=cost of setting up and dismantling a drill, 
d,= actual cost of operating the drill 
fer=number of feet drilled at cost di, per foot, 
d.=cost of moving drill between sites, 
5,,=cost of drilling to hxy per unit of ore discovered in Hy 
= (s*)~? [do t+dstdes*], 


s*=spacing between proving holes. 


J 
Ray. 
r= 1 


Thus, 


1 


(16) 


ar 


y,a,Ar,t 


Total cost (G) = >> G,. (17) 


§ Since the proving costs are small compared with the total cost, negligible error will be caused 
by using /zy in place of depth to upper surface and omitting from 6,, a term proportional to volume. 
Also when two bodies overlap, the proving costs for the two bodies will obviously be less in general 
than for the same two bodies if discovered without overlap. Again, however, the difference isa second 
order correction to the total cost and will be neglected. 
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Method of Evaluation 


As Slichter has pointed out, analytical methods of maximizing the profit 
ratio R= V/G (or the net profit V—G, perhaps) are obviously impractical in all 
but artificial examples. 

The alternative is to evaluate V and G for appropriate ranges of the parame- 
ters involved, examine the results, and from them select optimum drill-hole 
spacings, hole depths, etc. 

Except in simple cases, this procedure can become extremely tedious when 
using a desk calculator. The obvious attack is to employ digital computing 
facilities, and although problems so far considered by the authors have been 
handled with desk-machines, programs for digital computer application are 
being prepared. 

The existence of sub-volumes introduces some complication in possible meth- 
ods of maximization compared with the basic Slichter treatment. 

The following systems can be used and there are probably others. 

(1) Unconstrained maximization. This corresponds to Slichter’s case and as 
its name implies represents the maximum possible value obtainable. (It is equiva- 
lent to analytically equating to zero the partial derivatives of the quantity being 
maximized with respect to all the independent variables.) 

(2) Constrained maximization. Conceivably, there may be economic and 
engineering reasons why one of the intermediate parameters, such as overall 
completeness, costs per unit area, etc., should be equalized between sub-areas. 
If such a constraint is applied, one must also apply an auxiliary constraint to 
determine drill-hole depth; without such an additional constraint there would be, 
in general, an infinite number of possible combinations of hole depth and grid 
spacing in each sub-area giving the same value of completeness, cost per unit 
area, etc. 

(i) Auxiliary constraint 

This constraint is of necessity arbitrary in nature. Two possibilities which 
have been used by the authors are (a) the depth drilled f, is such that the proba- 
bility P.; that a drill hole hits at least one target is equalized between sub-areas, 
and (b) the depth drilled f, is such that the probability Q,, that a drill hole hits a 
target, if ore is under the hole, is equalized between sub-areas. 

Consider (a). To first order it may be shown that (Feller, 1950) 
Pay (18) 
A; 
where P,,;= probability that the drill hole hits at least one target in Hzy, Azy is 
total plan area of targets in H,,; &, and A, have their previous meanings. Simi- 
larly, 


A; 


Poi ~ 
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Equations (18) and (19) each assume that drill holes which hit two or more 
targets are of negligible probability when compared with those which hit one. 

In any event the constraint is arbitrary so that the fact that the equations 
are only approximate as far as probabilities are concerned is of minor importance. 


Consider (b). There it follows that 


(ii) Basic constraint 
(a) Equal Costs per Unit Area 
From equation (16) the cost per unit area for a sub-area 


1 


l—a 


a 


z y,a,d,t 


(b) Equal Overall Completeness 
Repeating equation (8), 


K.=(V)2/ ¥ (8) 


y.a,r,t 


Numerical/Graphical Procedure for Hand Calculation 


(1) Unconstrained Maximization. A beginning must be made by trial and 
error. Initially, a very small number of widely separated drill-hole spacings and 
hole depths are chosen for each sub-area. One can be guided in this initial stage 
by the following rough reasoning. 

(a) Choice of initial drill-hole spacing 

Ignore distribution in depth beneath a sub-area. Ignore all but the larger 
targets within a sub-area (Slichter, 1955, p, 904) and obtain a mean area d for 
those larger targets. Then choose several drill-hole spacings for each sub-area 
such that the completeness of search for the “mean target” is distributed over 
the range C,=0.3 to C,=0.95, say. 

(b) Choice of initial hole depths 

Since in general there will be only a small number of sub-volumes beneath 
each sub-area, choose successive hole depths so as to penetrate completely the 
first sub-volume, the first and second sub-volumes (i.e., f-=/z,, hz, etc.). 
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With the drill-hole spacings and depths selected as in (a) and (b) evaluate 
and tabulate for each sub-area, the value, cost, and the profit ratio of the sub- 
area R,=(V*),/G, corresponding to each combination of spacing and depth. 

Each sub-area table (see Table I) in this initial process will have, perhaps, 
9 or 10 entries. By inspection from these tables, locate the approximate combina- 
tions in the different sub-areas which give a maximum for the whole region. 

Then choose new sets of more closely separated spacings and depths in the 
optimizing neighborhood determined by the initial procedure, and repeat the 
calculation. 

This second calculation should usually be sufficient to determine the maximum 
accurately unless this is very sharp, in which case a further repetition may be 
necessary. 

TABLE I 
VALUES AND COSTS FOR SUB-AREA A; 


(to illustrate unconstrained maximization) 


Vz G; 
(units) (dollars X 10-%) (dollars X 
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(2) Constrained Maximization. (a) A family of curves P,; (or Q.,) versus drill 
hole depth is plotted for the different sub-areas (see Figure 3). A number of value 
of Pzz (or Q.,) are selected and to each of these there will correspond a set o 
drill-hole depths for the different sub-areas. 

Then for each selected P., (or Q.;) we plot a family of curves of G,/A, (or K,) 
versus spacing s, for the various sub-areas (see Figure 4). We finish with a set 
of curve families; the number of families equals the number of selected P,, (or 
Q.s) and the number of curves in each family equals the number of sub-areas in 
the region being searched. 

(b) For each of the curve families we select a number of values of G,/A, 
(or K,) and read off the corresponding drill-hole spacings for the sub-areas. We 
have thus obtained a set of values of G,/A, (or K,) and P., (or Q,,) for each pair 
of which we know the drill-hole spacing and hole depth for every sub-area in the 
region. 

For each set of spacings and depths we then compute the profit-ratio (or net 
profit), tabulate it in a rectangular array (see Table II), and examine the array 
for a maximum. 


: 
475 25 630 1.87 
600 25 1420 3.46 
475 -30 600 269 2.23 
600 30 1351 322 4.20 
475 35 547 227 2.41 
600 35 1231 269 4.58 
oe 475 40 472 200 2.36 
600 40 1063 232 4.58 
475 45 398 180 2.21 
600 897 207 4.33 
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Peg ~ Probability of at least one hit 


300 a) 500 600 
Depth (feet) 


Fic. 3, Graph of Pzy vs. hole depth f,. 


ompleteness 


Overall 


5 6 
Spacing (units) 


Fic. 4. Sample graph of Kz vs. S; for Pzy=0.0166. 
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TABLE IT 
Prorirt RATIO FOR COMPLETE REGION 
(equal overall completeness) 


Simplified Example (see Tables I and II and Figures 3 and 4) 

The following problem has been set up to simulate roughly conditions which 
might arise in prospecting for shallow deposits of uranium ore. Only the essential 
factors and results are presented here (Figure 5). 


Value Factors 
(1) Mass of ore per ton of rock =4 lb per ton. 
(2) Average specific gravity of rock=2.5. 
(3) Price of ore= $4 per lb. 
(4) Relative gross profit =0.3. 


Az 15 


( -0552,6)( +1,4,12) 
( 05,2,12) 


(.15,2,18) | (.1,4,12) 
(.1,4,12) | (.05,2,12) 


600! 


Fic. 5. Cross-section of sample volume. The brackets indi- 
cate a target of description (a, \, #). ‘’’ is in ft. Unit horizontal 
distance is 10 ft, and hence ‘a’ is in units of 10° ft?. 
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Pry .006 .009 012 015 .0166 
10 .68 77 .79 
15 .87 1.00 -- 1.09 
.20 1.18 1.27 1.33 1.13 
.25 — 1.32 — 
30 — 1.40 1.57 1.67 1.71 
40 — 1.72 1.89 1.96 
.50 — — - 2.00 2.06 
125! 
375! 
(.05,2,6) 
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Cost Factors 
(1) Drilling costs (i) d)=$144, (ii) di:=$1.50 per ft for 1st 125 ft, diz=$3.00 
per ft thereafter, (iii) d,=$30 per unit distance. 
(2) Overhead = $1,670 per square unit. 
(3) Land costs (i) 80 percent original claims at $50 per claim, (ii) 20 percent 
previously claimed, at $500 per claim in A;, at $400 per claim in Az and A;. 


Results 


(1) Unconstrained Solution 
f 100(V4)2/(V4)z 
(feet) (units) 
A, 0.35 
As 
Az 0.2 
R=3.1 
(2) Equal Overall Completeness 
(feet) (units) 
525 
600 
525 


(3) Equal Costs per Unit Area 
f 
(feet) (units) 
Ay 525 0.34 
Ag 600 0.34 
A3 525 0.31 
R=2.3 
(4) Slichter Method 
(a) Using the same spacing throughout the region to be prospected: 
s=0.3, R=2.5. 
(b) Using the Slichter method within the individual sub-areas: 
A, 0.35 
Ag —§ R=2.7 
A; 0.35 
The results indicate a significant difference in the profit ratio between the 
unconstrained method and the two Slichter-type calculations. The two con- 
strained solutions give an even smaller profit ratio. For this problem the addi- 
tional value of ore discovered due to overlap may certainly be neglected. 


6 In both (1) and 4(b) the maximum profit ratio is achieved by only prospecting sub-areas A, and 
A. 
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Conclusions 


It is felt that despite the crudity and first order approximate nature of the 
above treatment, a useful extension has been made of Slichter’s method. At 
least some allowance has been made for the more important of the factors un- 
accounted for in the original treatment. 

This has been achieved at the expense of considerable complication in the 
evaluation of profit ratios. Results so far indicate that this additional complica- 
tion is justified. In large part, too, this complication will become insignificant 
when suitable computer programs have been set up. 
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APPENDIX 


DETERMINATION OF Puy 


To determine p,, (the probability that a specified target of type ‘w’ will over- 
lap a target of type ‘v’) a modification of the ‘‘admissible area’ approach of 
Armitage (1949) has been used. In general, a target has been specified by its 
plan area ‘a,’ fineness ratio A, and thickness ‘t.’ In the present analysis only the 
two former parameters are of significance. If the longer dimension of the rectangu- 
lar target is ‘/,’ then the shorter will be //A and /= V/ ax. 

Thus a body of type ‘u’ may be specified by /., /./Au, and one of type ‘v 
by 1,, /,/A». Consider the diagram, Figure 6. 

A given target I of type ‘w’ will be overlapped by a target II of type ‘v’ falling 
at an inclination @ to I, if the center of II falls within an area whose boundary is 
shown as the outer continuous line in Figure 6. The inner continuous line in 
Figure 6 is the boundary of I and the dotted lines show the limiting positions 
of II. 

Then 


where Q is the average of 2 over all possible orientations and A, is the sub-area 


being searched. 
To calculate 2, we proceed as follows: 
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Fic. 6. Diagram showing the admissible area for the center of rectangle II overlapping rectangle 1 


(1) Width of strip at top and bottom=}(1,+/,/A, cot 6) sin 6, 
(2) Width of side strins=43(1,+/,/A,» tan 8) cos 8, 
(3) Area of corner rectangles—(a) Area=4/,? cos @ sin 6, 
(b) Area=31,?/X,* cos @ sin 6. 
Admissible area Q 


= + (ly + cot 8) sin + (ly + tan cos 6] 


— [1,2 sin cos + cos sin 6] 
= + + + 1/Audrv) sin + (1/Au + cos 6]. 
Average 2=Q 


2/x f 


Bs. 


= +3 + [Awe + + + Aube?) 
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DISCUSSIONS AND COMMUNICATIONS 
THE BLIND ZONE PROBLEM IN ENGINEERING GEOPHYSICS* 


JOSHUA L. SOSKEt 


General discussions of the so-called “blind zone” in refraction seismograph 
studies have been regarded by most practical geophysicists as an academic treat- 
ment of a subject having little, if any, field application. The purpose of this paper 
is to illustrate that the consideration of the blind zone in specific cases definitely 
improves the correlations between the interpretations of refraction work and the 
engineering data obtained by core drilling. In this discussion the definition of 
the blind zone has been narrowed to refer only to that portion of the underground 
which lies between the surface layer and a high speed marker in a three-layer 
problem and is not represented in the graph of the ‘‘first breaks.’’ This volume 
of material is not suggested by the first breaks because of the relative thicknesses 
of the layers and the effect of the extent to which the velocity of the third layer 
exceeds that of the second. This definition excludes any of those anomalous 
zones which may not be represented by the first breaks because of marked de- 
creases of the seismic velocity. Portrayal of the blind zone on the graph of the 
first breaks cannot be obtained by merely rearranging recording distances from 
the shotpoint to the seismometers. The speed of the seismic wave in the blind 
zone is generally intermediate in value between that of the surface layer and the 
high speed marker zone. In ordinary practice it is often represented by the zone 
of the water table above a high speed bedrock surface. 

The blind zone often has appreciable thickness and represents types of mate- 
rials of definite interest in engineering problems. Consequently, it seems ad- 
visable that all shallow refraction data in connection with engineering work be 
carefully examined for the possible existence of these blind zones which may 
obscure important information and thereby lead to errors in the interpretation 
of the measurements. 

Figure 1 represents a scale drawing of the reduced experimental data ob- 
served at one of the shotpoints used in the Vermilion Valley Damsite investiga- 
tion plus an interpretation neglecting the possible existence of a blind zone. 
These data are shown with the kind permission of the Southern California Edison 
Company which conducted preliminary studies of the glaciated Vermilion Valley 
in the Sierra mountain area of California in search for a suitable damsite. The 
depths and slopes of the high speed marker were computed by using the critical 
distance and velocities. The seismic velocity in the overburden is clearly shown 


* Paper read at the 1952 Meeting of the Pacific Coast Section of SEG at Los Angeles. Manu- 
script received by the Editor September 8, 1958. 
¢ Stanford University, Stanford, California. 
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26500 /sec 


Milliseconds 


800 Feet 


Surface 


Vo" 4500 /sec. 


V,* 16000 


PROFILE A-A' VERMILION VALLEY DAMSITE 


Fic. 1, Experimental data and interpretation. 


by the graph to be 4,500 ft per sec. An apparent surface velocity of 16,000 ft 
per sec is shown beyond the critical distance. This apparent surface velocity cor- 
responds exactly with the measured seismic velocity made on the high speed 
granite at various outcrops in the area. Therefore, the appearance of this velocity 
on the travel-time graph was assumed to represent the interior boundary be- 
tween the granite and overburden parallel to the ground surface. Computations 
making use of the travel-time data gave a depth of 120 ft to the bed rock surface. 
The refraction data in this case seems to be rather simple and the reverse re- 
cordings have been deleted in order to simplify the illustration further. 

Figure 2 shows the same seismic data plus the information furnished by the 
cores from hole no. 15 A. It is noted that the core drill logged a layer of olivine 
basalt at 110 ft below the surface, passed on into decomposed granite at 130 ft, 
and continued the hole in the granite to a depth of 160 ft. Several velocity meas- 
urements were made on outcrops of the lava rock. The average figure obtained 
for the velocity of the basalt was 8,500 ft per sec. This observed average seems 
to be unusually low for the seismic velocity of this type of rock. The amyg- 
daloidal structure, water saturation, and possible decomposition may in part 
contribute to the low velocity. Regardless of the anomalously low velocity of 
the basalt, there still remains a speed contrast between the overburden and the 
lava of a ratio nearly equal to one to two. The magnitude of this contrast is such 
that a strong refracted phase in the first breaks would have been recorded if 
this energy had reached the surface in advance of the refracted wave from the 
deeper high speed granite. A computed travel-time distance graph of the re- 
fracted wave from the basalt is indicated by the dashed lines in Figure 2. 
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PROFILE A-A' VERMILION VALLEY DAMSITE 


Fic. 2. Core-hole data and faulty interpretation. 


Using the core-hole information, velocity data, and the measured travel times, 
Figure 3 was prepared by employing the method of Huygens (Thornburgh, 1930). 
This diagram illustrates the successive positions of the wave fronts plotted to 
scale at 5-millisecond intervals following the instant of the explosion at the sur- 
face. Important features of this study are the so-called contact curves which 
represent points which were reached simultaneously by the refracted waves de- 
veloped in two layers of different wave speeds. Points of intersection of the V2 
and V, wave fronts form the contact curve CD while intersections of the Vo and 
V2 wave fronts form the contact curve DF. It may be noted that these contact 
curves are tangent to the interior boundaries separating the velocity layers. The 
construction also illustrates why the contact curve CD does not reach the surface 
as a portion of the early disturbance front. It is superseded in time by a similar 
contact locus CF formed in the surface layer, Vo, by the refracted wave from 
the granite and the direct wave from the origin. Thus the Huygens wave-front 
diagram explains instructively why the lava layer is not represented by the 
first break data. It clearly demonstrates that the refracted disturbance which 
travels along the granite surface reaches the ground surface in advance of any 
waves which graze the lava layer. The wave, which grazed the basalt, arrived at 
the ground surface shortly after the refracted pulse from the granite and was 
recorded simultaneously with the later train portion of disturbances associated 
with the first refracted waves to reach the surface. The complexity of the re- 
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WAVE- FRONT DIAGRAM PROFILE 4-A VERMILION VALLEY DAMSITE 


Fic. 3. Wave front drawn to fit core-hole and first break data. 


sultant seismogram does not, in general, permit the identification of the late 
arrivals of the waves which grazed the basalt. 

Figure 4 represents a modification of the situation shown by Figure 3 to 
illustrate the maximum possible thickness of the blind zone under the conditions 
experienced in the Vermilion Valley Survey. It is noted that the two wave- 
front intersection’s loci, E-F and C-F, were drawn to intersect at or near the 
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WAVE-FRONT DIAGRAM INDICATING MAXIMUM THICKNESS 
OF “BLIND ZONE” 


Fic. 4. Maximum possible thickness of blind zone. 
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ground surface. This point of intersection marks a place where the refracted 
waves from the fictitiously thick lava and the deeper granite would emerge 
simultaneously at the surface. The graphic solution suggested by this diagram 
indicates that the lava layer could be approximately 70 ft thick before any sug- 
gestion of its presence would appear on the graph of the first breaks. In this case 
about 45 percent of the materials by volume, lying between the ground and granite 
surfaces, cannot be detected by the normal study of only the first break data. Obviously, 
by employing Huygens wave-front diagrams together with the measured travel- 
times, one can investigate this problem and probably obtain a satisfactory solu- 
tion by fitting the measured seismic data to a situation compatible with the 
known geology of the area. This system of graphic solution is indirect and may 
be laborious under certain conditions. 

A more direct solution to the problem may be accomplished by burying the 
explosive charges to a depth so that the graph of the first breaks will contain 
refracted data from the blind zone. Figure 5 was prepared as a Huygens diagram 
to demonstrate the effect of burying the charge at the required depth. It is noted 
that the intermediate layer is clearly indicated by the second slope of the graph 
of the first breaks representing a surface velocity of 8,500 ft per sec. The first 
portion of the travel-time curve represents the emergence of the direct wave, 
and at the origin it gives the so-called up-hole time. Reverse profiles are always 
recommended as a means to determine the magnitudes of the velocities and slopes 
of the various layers. Using these data together with the measured apparent sur- 
face velocities it is possible to compute slopes and depths of the interfaces along 


the vertical section of the profile where the first breaks have been obtained. 


16000 


WAVE-FRONTS ORIGINATING AT BOTTOM OF SHOT HOLE 


Fic. 5. Buried shot diagram. 
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YERINGTON, NEVADA REFRACTION SURVEY 
WAVE-FRONT DIAGRAM KLUSTRATING WATER TABLE NOT REPRESENTED BY “FIRST BREAKS* 


Fic. 6. Example of water table not indicated by first break data. 


Figure 6 represents a similar blind zone situation experienced in the Yerington 
Area of Nevada where a seismograph investigation was made in behalf of the 
International Smelting Company. This diagram was prepared to demonstrate to 
the mining geologists in charge of the work why the water table could not be 
mapped by using shallow shots embedded in the surface layer. It was extremely 


difficult to explain convincingly by the use of only the English language why an 
interface represented by a contact of water saturated overburden with the bed- 
rock could be accurately mapped, while a greater velocity contrast, at much less 
depth from the surface, representing the top of the water table could not be 
detected by the refraction method of shooting surface shots. It is recalled that 
the instructive qualities of this illustration eliminated in a large part the possible 
accusation by the hard rock men that the geophysicists were resorting to an old 
political trick of double talk to explain their shortcomings. There is some reason 
to believe that this very diagram materially extended the geophysicist’s working 
period in the Yerington Area and thereby permitted a successful completion of 
the investigation. Based on experience, it is the opinion of the writer that it will 
take many more similar diagrams of equal or even greater instructional quality 
before geophysicists will be accepted completely into the hardrock exploration 
fraternity. Mining people seem to have much more sales resistance to geophysical 
investigations than do oil operators. 

Figure 7 was prepared to illustrate to the hard rock geologists that, if the 
geophysicists were allowed to use some of the existing shallow core holes in 
which to place the shots, the water table could be successfully and simultaneously 
mapped with the bedrock interface. Reluctantly, several of the core holes were 
assigned to this purpose, and the water table was mapped to the satisfaction of 
the hard rock people. 
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YERINGTON, NEVADA REFRACTION SURVEY 
WAVE-FRONT DIAGRAM ILLUSTRATING WATER TABLE REPRESENTED BY “FIRST BREAKS” 


Fic. 7. Method of shooting used to obtain first break data on existing blind zone. 


These figures illustrate, in general, two methods by which the blind zone 
may be investigated. The more accurate method seems to be the direct one of 
placing the explosives sufficiently deep so that all the shallow velocity discon- 
tinuities are represented on the graph of the first breaks. The second choice is 
the solution by fitting of Huygens’ wave-front diagrams to the measured data and 
known geology. This is an indirect procedure, and the satisfactory fits are usually 


obtained after several successive attempts have been made. 
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COMMENTS ON “INTERRELATIONSHIPS BETWEEN 
MAGNETIC ANOMALY COMPONENTS’* 


AIVARS CELMINSt 


On page 748 of the above named paper, Affleck (1958) mentions an interesting 
behavior of magnetic anomalies which are caused by homogeneous magnetized 
two-dimensional bodies. He states that in these cases the airborne magnetometer 
anomaly can be treated as either the vertical or horizontal component anomaly if 
the true magnetization is replaced by a pseudo-magnetization of other direction 
and intensity. It may be of some interest to formulate this behavior more pre- 
cisely, so much the more as the interdependence between the magnetization 
directions and the direction of a normal magnetic field can be expressed by a 
rather simple formula. 

According to a theorem of Poisson, the magnetic potential © of a homogene- 
ously magnetized body is proportional to the gravity component of the same body 
in the direction of magnetization. (See, for instance, Heiland, 1951, p. 393.) Hence 


[1] 


where 


U is the gravitational potential, 

I is the intensity of magnetization, 

k* is the gravitational constant, 

D is the density of the body, 

s is a co-ordinate parallel to the direction of magnetization. 


Equation [1] follows immediately from equation (1) in Affleck’s paper if homo- 
geneous magnetization is assumed. According to [1], the components of the mag- 
netic field are second derivatives of the gravity potential U. To simplify the 
following, a function V may be introduced by 


1 
=——.U (2| 


The magnetic field m-component is, then, 


and the quantities H,,,, (see Affleck’s paper p. 740) are 


* Manuscript received by the Editor December 8, 1958. 
+ Petrobras-DEPEX, Rio de Janeiro, Brazil. 
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Han = [4] 
Omon 

With this knowledge the anomaly of the magnetic component ZH; in the direction 


t of normal field can be expressed by 
[5] 


H, is not the exact airborne anomaly but a good approximation to it. Now con- 
sider the anomaly of another component, say v, of the same body but mag- 
netized in the direction r. This anomaly is 
[6] 
Ordv 


The problem is to find which interdependence between the four directions 
(s, t, r, and v) and the two intensities J and J; must exist if H;=hy. 

The above considerations are independent of co-ordinate systems which can 
be, therefore, arbitrarily chosen. To simplify the expressions, the co-ordinate sys- 
tem may be chosen so that the z-axis coincides with the v-direction. The four 
directions may be expressed in this co-ordinate system by unit vectors in the 
corresponding directions. Their components (direction cosines) may be denoted 
as follows— 


normal field direction Te, Ta) 
magnetization direction s: (Oz, Fy, Os) 
pseudo-magnetization direction r: (pz, py, pz) 
v-direction: (0, 0, 1) 


Using these components [5] can be expressed by 
He = + Vaytety + + Vaytyte + + 
+ + + 
and [6] by 
hy = + Vysp, + 


(In [7] and [8] the abbreviations }’,;=0?1'/di0j are used.) From the last two 
expressions one can see at a glance that H, is identical to /, in the following 
non-trivial cases. 


1) r2=7,=0. 

Normal field direction coincides with the v-direction. Pseudomagnetization 
is the same as true magnetization. 

2) 

The directions s and 9 coincide. The ¢-anomaly of a body magnetized in the 
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y-direction is equal to the v-anomaly of same body magnetized in the /-direction 
with the same intensity. 

3) 7r2=0, o,=0. 

The v-direction can be any direction within the plane which is fixed by the 
normal field direction ¢ and the magnetization direction s. The corresponding 
pseudo-magnetization direction has to be in the same plane, too, and there 
exists the same interdependence [12] between the four direction angles measured 
in the given plane as in the following ‘‘two-dimensional” case. The magnetization 


intensity J; is equal to J. 


The body is stretched infinitely in the x-direction. Then [7] can be simplified 
by using the Laplace equation V,,+V,,=0 to 


H,=TI- { (Tyo: + T20y) + Vas: = Tyy)} [9] 
Equating [8] and [9] gives 


= (Tyo, + T20y) 
1 
[10) 
I 
Pz = — — TyDy) | 
The x-components of magnetization and the normal field direction do not appear 
in equation [10], because they do not affect the shape of the anomaly. It can 
be assumed that these components are zero. Then the components in [10] can be 
expressed by trigonometric functions of the angles ¢:, ¢., @, between the z-axis 
and the corresponding directions ¢, s, r (see Figure 1). The result is 


sin $, = sin + 
1 


| 
| 


[10°] 


I 
COS = 7. cos + | 
1 


or, in the case of J=1,, 
= + ds. [11] 
This result can be easily generalized to 
+ bv = + by, [12] 


if the z-axis is not assumed to be parallel to the v-direction. Hence the /-anomaly 
of a body which is stretched infinitely in a horizontal direction and which is 
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Sy 


Fic. 1. Direction angles ¢. The direction of pseudo-magnetization r, which has to be assumed 
for the treatment of a ¢-anomaly as a v-anomaly, is given by 
dr = be + (di — or), 
where ¢, is the direction angle of true magnetization. 


homogeneously magnetized in the direction s is identical to the v-anomaly of 
the same body magnetized with same intensity in the r-direction, if equation [12] 
holds and none of the four vectors has a component in the stretched direction. 
If they have components in that direction, then [12] is still valid, but the in- 
tensities of magnetization J and J; are not equal. 

The most important case seems to be case (3) which is not limited to stretched 
bodies [as is case (4) ] and which includes cases (1) and (2). 
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LETTERS TO THE EDITOR 


EXPANSION OF THE SCOPE OF GEOPHYSICS 


I have been pleased to learn that the paper by Ellis and Blackwell entitled 
“Optimum Prospecting Plans in Mining Exploration” has been accepted for 
publication in the April, 1959, issue of Geopuysics. Perhaps I should not intrude 
to offer my suggestions on such a point, but the general subject seems to me 
worthy of more emphasis in the geophysical literature, so may I offer the follow- 
ing two comments? 

1. I have long felt that the geophysicists have a peculiar responsibility in 
the exposition of the quantitative aspects of geophysical problems, and, there- 
fore, that mathematical papers about geophysical problems should appropriately 
be encouraged by Gropuysics or by similar professional journals devoted to geo- 
physical exploration. 

2. It seems to me that probability considerations and statistical evidence will 
necessarily play more important roles in the geophysical explorations of the 
future. It should be feasible to improve continually the appraisals of prospecting 
risks and the analysis of the expectation of prospecting profits from application 
of geophysical tools and other prospecting tools. The expanding use, especially 
in mining geophysics, of airborne geophysical methods, greatly augments the 
opportunities for investment of prospecting funds, and it correspondingly en- 
hances the importance of realistic estimates of the risk and probability factors. 

In a word, I hope that Gropuysics will seek more opportunities to publish 


research relative to the probability and statistical aspects of prospecting. 
Louts B. SticuTER, Director 


Institute of Geophysics 

University of California 

Los Angeles, California 
Received by the Editor December 10, 1958 


FAILURES OF THE ANNUAL MEETING—THEIR CAUSE AND CURE 


The purpose of this letter is to comment on some failings of the SEG Annual 
Meeting, to suggest that the first session of the Annual Meeting begin at a later 
hour than nine o’clock on Monday morning, and to protest that the addresses 
of the honored speakers and the presentation of awards should not constitute a 
solid three-hour session. 

When a scientific society such as the Society of Exploration Geophysicists 
confers an honor on an individual by an award, an office, or even a place on its 
program, that honor is something to be cherished by the recipient and applauded 
by the society members. The value to the recipient can, unfortunately, be 
tarnished if the circumstances of bestowal of the honor are not in keeping with 
the recognition of merit. The very small audience present in San Antonio on 
Monday morning, October 13, 1958, during the presentation of the Society’s 
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awards was certainly at variance with the intent of the awards. It was likewise 
at variance with the approval of the membership on the selection of the indi- 
viduals who were honored. In a sense this poorly attended ceremony was a 
breach of etiquette. It is not simple, however, to discover the culprit. While it 
would be easy to castigate all the members of the Society who, having registered 
at San Antonio, failed to attend the honors presentations, it is doubtful whether 
anything of value would result. It may be worth-while to attempt an analysis of 
the problem. 

No part of the Monday morning session was well attended but the maximum 
number were present for the Presidential Address, the address by the President 
of AAPG, and the address by the principal invited speaker, Doctor Acosta. The 
awards, scheduled on the program to follow that address, were postponed until 
after the paper on Status of Geophysical Education and a paper by an additional 
non-scheduled speaker. Some of the audience may have departed therefore under 
the confused impression that they were present through the awards but had 
napped for a few minutes. Dare we face the possibility that many left through 
sheer boredom? A three-hour session in honor of outstanding individuals with a 
statistical study of educational methods thrown in for good measure is an adult- 
sized prescription. The audience deserves at least to receive some value for their 
pains. Our Presidential Addresses have given the audience that value. So have 
those of the AAPG Presidents whenever they took their task seriously. An 
address in good English but delivered in a difficult foreign accent may not be 
too rewarding. An unscheduled additional speaker imposes a strain. A revision 
of the order of events could reasonably afford the proverbial last straw for a 
surfeited audience. 

Assuming that every part of the opening session is worth-while, could it not 
be arranged less painfully? 

Why not schedule a one-hour opening session beginning at 11:00 A.M., 
Monday? This would include only the Address of Welcome, Invocation, Presi- 
dent’s Address, and Awards. 

The AAPG Address would open the afternoon general session at 2:00 P.M. 
and be followed by technical papers. The address of the invited speaker would 
be scheduled for 11:30 A.M. on Tuesday. The selection of the invited speaker 
should be influenced primarily by the man’s ability as a speaker rather than by 
the publicity that might be obtained. 

Not only would such an arrangement relieve the tedium for those members 
willing to aid by their presence in the honoring of these distinguished persons but 
it might even offer a welcome relief from the strain of listening to that plethora 
of technical papers that are so poorly presented. 

E. STRINGFELLOW PimMM 


Received by the Editor October 31, 1958 
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ELECTRICAL PROSPECTING 


U.S. No. 2,852,734. V. A. Josendal and R. J. Stegemeier. Iss. 9/16/58. App. 4/24/57. Assign. Union 
Oil Co. of Calif. 
Growndwater Direction Determination. A device for detecting direction of flow of ground water 
in an aquifer penetrated by a borehole having a series of annularly spaced electrodes between a 
central unit containing a stepping switch and packers at the top and bottom of the zone being tested, 
the annular space containing the electrodes being initially filled with a sand saturated with a known 
electrolyte and the change in resistivity of the various sectors of the sand observed in time. 


U.S. No. 2,862,177. Y. W. Titterington. Iss. 11/25/58. App. 2/28/55. 


Apparatus for Measuring the Charge on Buried Conductors. A circuit for measuring the polariza- 
tion charge on a buried conductor in which a motor-driven switch rapidly repeatedly disconnects the 
conductor from the corrosion protection circuit and connects the conductor to a condenser whose 
potential is measured by a voltmeter. 


GEOCHEMICAL PROSPECTING 


U.S. No. 2,854,396. J. M. Hunt and R. N. Meinert. Iss. 9/30/58. App. 11/24/54. Assign. Jersey 
Production Research Co. 


Petroleum Prospecting. A geochemical prospecting method in which the core sample is crushed and 
pulverized, refluxed with a petroleum-miscible organic solvent together with a water-miscible organic 


solvent, the solvents evaporated and the residue redissolved in a petroleum solvent and the solution 
analyzed for its major constituents. 


U.S. No. 2,861,921. D. M. Updegraff and H. H. Chase. Iss. 11/25/58. App. 1/25/54. Assign. Socony 

Mobil Oil Co., Inc. 

Microbiological Petroleum Prospecting Method. A microbiological method of prospecting in which 
soil samples are mixed with an aqueous inorganic salt medium for bacteria, contacted with a pe- 
troleum hydrocarbon nutrient such as ethane, and measuring the time required for the bacteria in 
the sample to begin consumption of the nutrient. 


GRAVIMETRIC PROSPECTING 
U.S. No. 2,853,287. C. S. Draper and C. L. Emmerich. Iss. 9/23/58. App. 3/13/52. Assign. Research 
Corp. 
Motion-Measuring System. An acceleration-measuring device having a suspended damped inertia 
element with one degree of freedom and a transducer that generates a signal in response to deflection 


of the element connected to a force generating device that opposes the deflection, with the feedback 
circuit containing an amplifier and an integrating network. 


U.S. No. 2,855,781. J. R. Alburger. Iss. 10/14/58. App. 6/18/56. 


Stable Reference Platform. A stabilizing system having an inner spherical core surrounded by a 
slave housing suspended on gimbals in an outer case, with transducers detecting angular displace- 
ment between the core and slave housing controlling servos acting between the outer case and the 


t Gulf Oil Corporation, Patent Department, Pittsburgh, Pennsylvania. 
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slave housing to zero the core, the outer case being filled with a liquid having the same specific 
gravity as the core. 


MAGNETIC PROSPECTING 


U.S. No. 2,852,859. M. C. Depp. Iss. 9/23/58. App. 7/10/56. Assign. Sperry Rand Corp. 

Flux Valve Compensating System. A flux-valve compass system having three horizontal flux 
valves 120° apart mounted on a universal pendulum and connected to a compass indicator, and 
having compensating coils whose current is controlled by the ground speed and latitude of the air- 
plane to correct for the effect of Coriolis acceleration. 


U.S. No. 2,853,040. J. Grillo. Iss. 9/23/58. App. 1/21/53. Assign. Ward Leonard Electric Co. 


Automatic Degaussing System. A degaussing system in which the degaussing current is controlled 
in accordance with the magnetic heading of the ship. 


U.S. No. 2,856,579. M. E. Packard. Iss. 10/14/58. App. 7/1/54. Assign. Varian Associates. 


Gyromagnetic Resonance Magnetometer. A system for operating a pair of gyromagnetic resonance 
magnetometers in timed sequence so that the detecting and recording operation for one takes place 
during the polarizing operation for the other, and the polarizing field current for each magnetometer 
also passes through compensating coils to neutralize any effect of each polarizing field on the field 
being measured by the other magnetometer. 


U.S. No. 2,856,581. L. R. Alldredge. Iss. 10/14/58. App. 5/27/52. 


Magnetometer. A transflux magnetometer having a core excited by a-c through an axial conductor 
so as to set up a circular alternating excitation, and a pick-up coil wound around the outside of the 
core connected to a voltage detecting circuit, the core being oriented so that the ambient field is 
transverse to the axis of the core. 


U.S. No. 2,859,403. F. F. Kirchner. Iss. 11/4/58. App. 9/14/56. Assign. Schlumberger Well Survey- 
ing Corp. 

Magnetic Resonance Apparatus. A nuclear magnetic resonance spectrometer having an audio 
frequency field-modulating coil and a second field-modulating coil that controls the field in steps at 
low frequency, and feedback loops for controlling the low frequency modulation from the resulting 
modulation in the r-f signal. 


U.S. No. 2,861,242. M. A. Leavitt. Iss. 11/18/58. App. 9/6/55. Assign. U.S.A. 


Magnetometer. A flux-valve type of magnetic detector having two exciting coils connected in 
series opposition and energized by an r-f oscillator, and with a pick-up coil between the exciting coils 
connected to a demodulator excited from a doubler connected to the exciting oscillator. 


RADIOACTIVITY PROSPECTING 
U.S. No. 2,853,620. R. C. Fox and W. S. Lusby. Iss. 9/23/58. App. 7/25/51. Assign Westinghouse 
Electric Corp. 
Radiation Detection Phosphor. A phosphor for a scintillation type gamma-ray detector having a 
large number of small crystals of scintillating material in a transparent matrix of the same refractive 
index as the crystals. 


U.S. No. 2,855,520. H. F. Stoddart and J. B. Williams. Iss. 10/7/58. App. 7/3/56. Assign. Baird- 
Atomic, Inc. 
Radiation Detector. A well-type device for measuring the beta-ray activity of samples placed in 
the well having a cup-shaped well made out of a gamma-ray transparent material surrounded by a 
cylindrical thin-walled scintillator also transparent to gamma rays and a glass plate and photomulti- 
plier tube closing one end of the scintillator cylinder. 
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U.S. No. 2,856,739. R. P. Mazzagatti. Iss. 10/21/58. App. 6/24/54 and 5/28/57. Assign. The 
Texas Co. 


Manufacture of Radiation Detectors and the Like. A method of sealing the housing of a gas-filled 
radiation detector by heating the housing and cover to soldering temperature while maintaining gas 
pressure inside and venting the gas to atmospheric pressure during the soldering operation. 


U.S. No. 2,858,448. P. Brown and G. Carp. Iss. 10/28/58. App. 3/5/57. Assign. U.S.A. 

Radiation Detector System. An indicating circuit for a varying conductivity type of radiation de- 
tector in which the detector is connected as a coupling element between two tubes in a multivibrator 
circuit whose frequency is indicated. 


U.S. No. 2,858,465. C. G. Ludeman. Iss. 10/28/58. App. 5/14/53. Assign. Texaco Development 
Corp. 
Radiation Detectors. A multiple-plate Geiger-Mueller counter in which the cathode plates are 
concentric cyclinders or spheres with radially aligned holes through which the anode wires pass, the 
ends of the anode wires being supported by glass beads sealed to the holes in the outer member. 


U.S. No. 2,861,191. S. Kuo Shu Chao and H. F. Stoddart. Iss. 11/18/58. App. 4/12/56. Assign. 

Baird-Atomic, Inc. 

Radiation Detector. A vacuum tube indicating circuit for an ionization chamber in which the 
central wire of the chamber is connected to the grid of the vacuum tube and also to a high resistance 
in series with an adjustable potentiometer, the charge induced on the central wire during calibration 
adjustment being cancelled by an auxiliary plate on the ionization chamber connected to the reading 
circuit. 


SEISMIC PROSPECTING 


U.S. No. 2,851,121. B. McCollum. Iss. 9/9/58. App. 3/1/54. 


Method and Apparatus for Seismic Exploration. A seismic exploration method using the impact 
of a dropping weight as the seismic source and making separate recordings of successive drops, the 
recordings being subsequently adjusted to coincide as to instant of impact and added together to 
form a composite seismogram in which reflections are reinforced. 


U.S. No. 2,851,122. B. McCollum. Iss. 9/9/58. App. 4/15/54. 


Seismic Exploration Methods, Systems, and Apparatus. A seismic exploration method using the 
impact of a dropping weight as the seismic source and in which the drop-time is measured and 
deviations from a normal drop-time are automatically corrected in the recording by an appropriate 
shift of the recording head effected by a solenoid controlled from the drop-time meter. 


U.S. No. 2,851,595. H. W. Parker. Iss. 9/9/58. App. 12/22/53. 


Transducers. A motion transducer having an insulated charged condenser plate in an evacuated 
space with a filament and grid, and arranged so that the plate acts as the anode of a thermionic 
vacuum tube. 


U.S. No. 2,852,243. E. S. Shepard, Sr. Iss. 9/16/58. App. 11/17/53. Assign. The Garrett Corp. 


Magnetic Accelerometer. An accelerometer having three permanent magnets one of which is 
mechanically guided to have one degree of freedom and is suspended by the magnetic force of two 
fixed magnets that are wound with coils to provide damping and signal pick-up. 


U.S. No. 2,852,330. C. E. Stufflebeam and J. L. Fisher. Iss. 9/16/58. App. 6/30/54. Assign. Century 
Geophysical Corp. 
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Recording Meter. A multi-element recorder for recording quantities requiring different film speeds 
in which the beams from the respective elements have polarizing filters and the beams are turned 
on or off by polarizing shutters whose insertion is controlled by the device that changes the film 
speed. 


U.S. No. 2,853,824. N. P. Schutz and R. W. Woodgate. Iss. 9/30/58. App. 9/19/55. Assign. Pye 
Marine Ltd. and Societe Generale d’Electricite et de Radio. 


Submarine Echo-Sounding Apparatus for Fishing Vessels. An echo sounding system for fishing 
vessels in which the sound transmitter and the receiver are mounted in the fishing net so that the 
net can be maneuvered to the school of fish. 


U.S. No. 2,854,191. G. Raisbeck. Iss. 9/30/58. App. 11/23/53. Assign. Bell Telephone Laboratories, 
Inc. 


Computation of Correlation. A device for determining correlation functions in which the signals 
are respectively applied to two delay lines having taps providing for different delays, the signals 
after passing through the delay lines being combined and integrated, and a stepping switch used to 
change the taps of one or both of the delay lines after each integration interval. 


U.S. No. 2,856,594. K. W. McLoad. Iss. 10/14/58. App. 3/4/55. Assign. Vector Manufacturing Co. 


Seismic Detector. A geophone for marine seismic operations having an electromagnetic transducer 
mounted on pivots inside a case whose ends are provided with cable terminals so that the geophone 
can be used to join two sections of cable. 


U.S. No. 2,857,149. M. E. Bourns, M. E. Harrison and J. D. Young. Iss. 10/21/58. App. 5/15/52, 
12/19/55 and 4/22/58. 
Linear-T ype Acceleration Sensing Device. An accelerometer having an annular mass carried by 
rollers on a central rod and restrained by a helical spring around the rod with motion of the mass 


transmitted to the core of a variable inductance. 


U.S. No. 2,857,567. J. J. Jakosky. Iss. 10/21/58. App. 9/25/50. Assign. International Geophysics, 
Inc. 
Seismic Prospecting System. A system for analyzing seismograms in which each trace is played 
back and re-recorded at high speed and reproduced with a delay time, the reproduced signals being 
combined with different delay times and recorded. 


U.S. No. 2,858,069. W. W. Garvin and G. A. Schurman. Iss. 10/28/58. App. 7/23/53. Assign. Cali- 
fornia Research Corp. 
Seismic Cross-Section Plotting Calculator. A reflecting horizon plotter using a pantograph and a 
single dimensionless wave-front chart for a velocity function of predetermined form, the parameters 
of the velocity function being adjusted by calibrated adjustments of the pantograph. 


U.S. No. 2,858,523. J. E. Hawkins. Iss. 10/28/58. App. 4/2/57. Assign. Seismograph Service Corp 

Seismic Reproducing and Recording Device. A device for making a time-corrected record from a 
magnetic field seismogram in which the record medium and seismogram are rotated by synchronous 
motors, the drive to the record medium having two differential gears with preset controls, one differ- 


ential introducing fixed corrections and the other differential introducing time-varying corrections 
obtained from a preselected cam. 


U.S. No. 2,861,507. E. M. Palmer. Iss. 11/25/58. App. 1/24/56. Assign. Gulf Research & Develop- 
ment Co. 


Seismograph Profile Printer. An apparatus for scanning the length of a variable-density seismo- 
gram trace by trace and making a time-coordinated side-by-side array of contact prints while at the 
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same time automatically introducing all of the necessary fixed corrections and also making the 
variable corrections for angularity and velocity variations by moving the original seismogram with 
respect to the film during the course of the exposure, the fixed correction being inserted by a punched 
card, and the variable correction being determined by a mechanical analog computer comprising 
cables, levers, punched card, and a precut velocity-variation cam. 


U.S. No. 2,861,645. J. E. White and P. L. Lawrence. Iss. 11/25/58. App. 12/28/53. Assign. Socony 

Mobil Oil Co., Inc. 

Seismic Wave Analysis. A seismic recording system in which the signals from adjacent geophones 
are multiplied, the product filtered to eliminate the fundamental frequency of the individual geo- 
phone signals, and the combined d-c component and even harmonic components of the product re- 
corded. 

U.S. No. 2,861,752. E. M. Palmer. Iss. 11/25/58. App. 1/24/56 and 5/22/56. Assign. Gulf Research 

& Development Co. 

Film Transport Mechanism. A magazine for stepwise advancing the film on which a seismic profile 
is made and in which the film passes over a roller having a ratchet with switches that control a drive 
motor to advance the film until the pawl drops over a ratchet tooth and then reverses the film until 
the paw! bottoms at the root of the ratchet tooth. 


U.S. No. 2,861,789. K. E. Pope. Iss. 11/25/58. App. 11/17/54. Assign. U.S.A. 


Accelerometer. An accelerometer having an eccentrically pivoted mass with a motor and flywheel 
mounted on the same shaft, inertial rotation of the mass actuating a contact that energizes the motor 
to neutralize the effect of the acceleration, and the current pulses to the motor being recorded. 


U.S. No. 2,861,828. R. E. McMackin and E. E. McMackin. Iss. 11/25/58. App. 7/27/53. 


Shot Hole Pole and Coupling. A shot hole loading pole having on one end a hook with a side 
opening and on the other end a bifurcated extension with a transverse bar that is engaged by the 


hook of the next pole. 
(See also Patent No. 2,853,287 listed under Gravimetric Prospecting.) 
WELL LOGGING 
U.S. No. 2,852,600. E. W. Jenkins, Jr. Iss. $/16/58. App. 1/17/55. Assign. Shell Development Co. 

Well Surveying by Television. A well bore television system having remotely controlled motors 
to control the camera with stepping switches to select the proper control motor. 

U.S. No. 2,852,696. F. F. Johnson. Iss. 9/16/58. App. 12/20/54. Assign. Schlumberger Well Survey- 
ing Corp. 

Apparatus for Investigating Earth Formations. A radioactivity logging device having bowed 
springs which caliper the borehole and have a magnetic follower actuating a rheostat connected in 
the circuit of a borehole accelerator so that the source neutron flux is varied in accordance with 
changes in hole diameter. 

U.S. No. 2,852,936. D. E. Broussard. Iss. 9/23/58. App. 2/13/56. Assign. Shell Development Co. 


Apparatus for Offshore Well Logging. A barge mounting for a well-logging cable reel in which 
the reel is in a frame above the water level and anchored to the water bottom by cables, the frame 
being hung by a cable which runs over a support on the boat to a weight sufficiently large to keep 
the anchor cables under tension at all times. 


U.S. No. 2,854,584. A. H. Youmans. Iss. 9/30/58. App. 8/2/52. Assign. Well Surveys, Inc. 


Apparatus for the Selective Detection of Neutrons. A neutron detector having a material that emits 
heavy particles upon reaction with neutrons and a thick scintillating material in which the heavy 
particles produce strong scintillations but in which gamma rays produce only weak scintillations. 
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U.S. No. 2,854,758. J. D. Owen. Iss. 10/7/58. App. 12/23/54. Assign. Phillips Petroleum Co. 

Double Caliper for Mud Cake Thickness Determination. A mud-cake thickness caliper having two 
sets of caliper arms, one set having slides that ride on the surface of the mud cake and the other set 
having blades that cut through the mud cake, the difference in the indications of the two sets of 
calipers being recorded as well as the caliper log of the well. 


U.S. No. 2,855,685. F. L. Barreteau. Iss. 10/14/58. App. 1/31/55. Assign. Schlumberger Well Survey- 
ing Corp. 

Bore Hole Apparatus. A device for logging mud cake thickness having arms with flat shoes carry- 
ing longitudinal cutting blades that move outward with respect to the shoes, and a lever system for 
measuring the differential displacement between the shoe and the blade which is transmitted to the 
surface by means of an electrical signal. 


U.S. No. 2,855,780. E. E. Edwards. Iss. 10/14/58. App. 12/16/54. Assign. California Research 

Corp. 

Apparatus for Bottom-Hole Pressure Measurement. A bottom-hole pressure measuring system 
in which the pressure is balanced against escape of gas from the end of a capillary tube in the well, 
the effect of temperature variations in the gas column being eliminated by using two concentric 
tubes with different gases whose pressures are measured at the surface. 


U.S. No. 2,856,257. J. V. Fredd. Iss. 10/14/58. App. 2/14/57. Assign. Otis Engineering Corp. 

Amplifying Recorder for Tubing Calipers. A mechanically recording calipering device having a 
stylus carried by a lever on a traveler riding two lead screws, one of the lead screws being longi- 
tudinally fixed and the other being shifted by the caliper arms, and with the lever arranged to mag- 
nify the shifts. 


U.S. No. 2,856,536. W. T. Cardwell, Jr. and S. B. Jones. Iss. 10/14/58. App. 6/9/54. Assign. Cali- 
fornia Research Corp. 

Method of Locating a Second Well Bore. A method of locating in a “dry” hole the direction of flow 
of formation fluids by injecting a radioactive tracer fluid into the formation, observing its radial 
distribution around the hole, and again observing its distribution after sufficient time has elapsed for 
the flow of formation fluids to effect a redistribution. 


U.S. No. 2,856,537. C. M. Clark. Iss. 10/14/58. App. 8/23/54. Assign. California Research Corp. 

Circular Scanning System for Recording Nuclear Energy Spectrum. A system for transmitting a 
gamma-ray energy spectrum over a well logging cable by impressing the gamma-ray pulses on an 
electrostatic storage surface at a radius proportional to their energy and circularly scanning the sur- 
face on a spiral pattern with a c-r beam to read out the spectrum. 


U.S. No. 2,857,011. G. C. Summers. Iss. 10/21/58. App. 1/20/55. Assign. Socony Mobil Oil Co., 
Inc. 
Noise Sensitive Control of Acoustic Well Logging Systems. A system for suppressing operation of 
an acoustic logging device when disturbing noise is present so as to prevent the noise from prema- 
turely actuating the receiver circuit and giving erroneous high velocity indications. 


U.S. No. 2,857,451. H. A. Barclay. Iss. 10/21/58. App. 8/8/52. Assign. Socony Mobil Oil Co., Inc. 


Case for Well Logging Tools. A non-magnetic electrically-nonconducting case for an inductive or 
capacitance logging tool having an inner ceramic tube surrounded by an outer plastic tube that 
carries the top and bottom closures. 
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U.S. No. 2,857,522. S. B. Jones. Iss. 10/21/58. App. 6/16/51. Assign. California Research Corp. 


Radioactive Bore Hole Logging (Beta Ray Detector). A beta-ray logging device having a beta-ray- 
responsive phosphor mounted so as to close an opening in the sonde with one or more photomulti- 
pliers in contact with the phosphor inside the sonde, the photomultipliers being connected to ampli- 
fiers or coincidence circuits in the sonde. 


U.S. No. 2,857,677. C. L. Norden. Iss. 10/28/58. App. 3/6/53. Assign. United Aircraft Corp. 

Apparatus for Surveying Bore Holes. A well surveying device in which azimuth is indicated by a 
gyroscope whose spin axis is in a plane perpendicular to the axis of the borehole and that is made to 
precess the proper amount to maintain a constant terrestrial direction by means of an adjustable 
weight on the case of the gyrorotor. 


U.S. No. 2,857,843. M. N. Friend. Iss. 10/28/58. App. 1/2/51. Assign. Borg-Warner Corp. 

Radioactive Reference Marker. A device for making a radioactive mark on a borehole wall and 
having a shaped charge whose cavity is sealed from the borehole fluid by a cover carrying radioactive 
material that is transferred to the wall of the hole by the explosive jet. 


U.S. No. 2,859,013. E. W. Peterson. Iss. 11/4/58. App. 3/1/54. Assign. Dresser Industries, Inc. 


Borehole Logging Signaling System. A well signalling system using a constriction in the drilling 
fluid flow stream to set up pressure surges, the constriction being a flexible sleeve to the outside of 
which a suitable transducer applies drilling fluid from a point of higher pressure in the flow stream, 
with the pressure surges detected at the surface. 


U.S. No. 2,859,614. V. C. Larson. Iss. 11/11/58. App. 1/26/56. Assign. Jersey Production Research 
Co. 
Drill Hole Volume Logging Device. An apparatus for logging the cumulative volume of a borehole 


having caliper arms arranged to develop a signal in proportion to the radius of the hole and having a 
tachometer on the cable sheave to develop a signal in proportion to the speed of the device in the 
berehole, the radius signal being squared and multiplied by the tachometer signal and the product 
integrated and recorded. 


U.S. No. 2,860,509. O. V. Phillips. Iss. 11/18/58. App. 10/18/54. Assign. The Star Recorder Corpora- 
tion of Denver. 


Recording Apparatus for Earth Bore Drilling. A drilling rate recorder having a clock-driven chart 
and two pens one of which records penetration of the drill and the other records operations. 


U.S. No. 2,862,106. S. A. Scherbatskoy. Iss. 11/25/58. App. 7/7/55. 


Apparatus for Deep-Well Logging. A neutron-gamma ray logging apparatus having a neutron 
source, a shield to prevent source neutrons from reaching the detectors, and a pair of temperature- 
controlled detectors one of which is sensitive to high-energy gamma rays and the other sensitive to 
epithermal neutrons, an increase in gamma rays accompanied by a reduction in slow neutrons in- 
dicating the presence of connate water. 


(See also Patent No, 2,852,734 listed under Electrical Prospecting.) 


MISCELLANEOUS 
U.S. No. 2,851,682. J. E. Hawkins and E. J. Crossland. Iss. 9/9/58. App. 8/21/53. Assign. Seismo- 
graph Service Corp. 


Radio Location System. A system for extending a three-transmitter phase-comparison type of 
radio position-determining system by the addition of a fourth transmitter which sequentially radiates 
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three frequencies during three spaced intervals during which the other three transmitters sequentially 
transmit modulation components. 


U.S. No. 2,852,744. M. E. Morrow and G. R. Morrow. Iss. 9/16/58. App. 1/12/53. Assign. Mid- 
western Instruments, Inc. 


Galvanometer Assembly. A mounting for a moving coil mirror type galvanometer in which the 
coil is in a rotatable tube with spring contacts and held in place by a set screw. 


U.S. No. 2,855,145. O. L. Patterson. Iss. 10/7/58. App. 7/30/51. Assign. Sun Oil Co. 


Computing Circuits. A reservoir analyzer having an electric water-drive analog circuit connected 
to a material balance analog circuit, the current being supplied by generators analogous to the 
volume of oil plus gas released from solution, the volume of gas at reservoir conditions, the cumulative 
volume of oil produced, the cumulative volume of water produced, and the cumulative gas to oil 
ratio, and operational circuits for properly combining the various generators. 


U.S. No. 2,855,590. J. W. Gray. Iss. 10/7/58. App. 2/7/55. Assign. General Precision Laboratory 
Inc. 


Doppler System for Speed and Drift Measurements. An aircraft navigation system in which radar 
pulses are transmitted from the plane and reflections received from the ground at oblique angles both 
fore and aft and right and left, the Doppler shift in frequency of the reflected waves being used to 
generate a signal indicative of speed and lateral drift of the plane. 


U.S. No. 2,855,594. F. G. Bac. Iss. 10/7/58. App. 3/5/41 and 12/4/41. Assign. International Stand- 
ard Electric Corp. 
Radio Detection and Distance Indicator. A radio position determining system in which two trans- 
mitters simultaneously transmit pulses that are received at the mobile station and the time separation 
of the pulses indicated on a c-r tube screen. 


U.S. No. 2,855,595. B. W. Koeppel. Iss. 10/7/58. App. 5/26/55. Assign. Seismograph Service Corp. 


Radio Navigation System. A radio navigation system in which the mobile equipment produces 
c-r outputs indicative of position on intersecting position lines and has provision for setting the c-r 
indicator to the position corresponding to the destination, and also continuously indicates progress 
along the way 


U.S. No. 2,855,596. J. R. Dennis. Iss. 10/7/58. App. 5/27/55. Assign. Seismograph Service Corp. 


Radio Navigation System. A radio navigation system in which the mobile apparatus produces c-r 
output indicative of position on intersecting position lines and has provision for introducing the 
parameters of a desired future destination, and continuously indicates the position relationship be- 
tween the instantaneous location and the destination. 


U.S. No. 2,856,128. M. C. Ferre. Iss. 10/14/58. App. 7/14/55. Assign. Schlumberger Well Surveying 
Corp. 
Cathode Ray Tube Function Generator with Inter polation. A computing device in which a c-r beam 


scans a family of curves representing a known function and using two c-r tubes, one operating on the 
dominant part and one on the vernier part of the function. 


U.S. No. 2,856,601. J. E. Hawkins. Iss. 10/14/58. App. 7/6/55. Assign. Seismograph Service Corp. 


Radio Location System. A radio location system in which the mobile station transmits four differ- 
ent carrier signals which are combined at fixed stations to give both a coarse and a fine indication of 
the position of the mobile station. 
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U.S. No. 2,857,099. G. Liebmann. Iss. 10/21/58. App. 10/2/52 and 9/22/53. Assign. Sunvic Con- 
trols Ltd. 

Electrical Analogue-Computing Apparatus. An electrical analog computer representing a fourth 
order partial differential equation and having two similar resistance networks interconnected at junc- 
tion points by high resistances which are adjusted so that one network satisfies the boundary condi- 
tions of the equation. 


U.S. No. 2,858,400. L. D, Statham. Iss. 10/28/58. App. 8/20/56. Assign. Statham Instruments, Inc- 


Electrical Strain Wire Transducer. A strain-wire type of transducer having two fine wires con- 
nected between two fixed terminals and a moving terminal that is connected to the moving element 
of the transducer by a cantilever spring. 


U.S. No. 2,858,978. E. W. Yetter. Iss. 11/4/58. App. 9/9/52. Assign. Sun Oil Co. 


Reservoir Analyzer. A reservoir analyzer having a potentiometric model of the reservoir with a 
servo-operated probe system that may be positioned over the model and is automatically oriented, 
the position of the probe and the magnitude and direction of the gradient being automatically repro- 
duced by a stylus on a map. 


U.S. No. 2,859,436. W. J. Tull. Iss. 11/4/58. App. 3/4/46. Assign. U.S.A. 


Self-Contained Radio Navigation System. An aircraft navigation system having a radar antenna 
transmitting two beams with the direction of the antenna adjusted so that the echos have the same 
frequency modulation, and also having a ground-speed indicator and a gyro compass whose outputs 
are combined with the antenna direction so as to give signals representing the N-S and the E-W 
velocity components which are integrated to indicate position. 


U.S. No. 2,859,915. H.-G. Doll. Iss. 11/11/58. App. 6/2/53. Assign. Schlumberger Well Surveying 
Corp. 


Function Generator of Two Independent Variables. A computing device having a rotating disc with 
one semicircular sector inscribed with curves of one functional relation and the other sector having 
an opaque region whose edge represents the other functional relation, the two independent variables 
being applied as currents to galvanometers deflecting a light beam outward from the radius of the 
disc and falling onto photocells, the pulses from one photocell being counted over an interval con- 
trolled by the length of pulse from the other photocell. 


U.S. No. 2,859,916. H.-G. Doll. Iss. 11/11/58. App. 6/2/53. Assign. Schlumberger Well Surveying 

Corp. 

Automatic Computing Apparatus. A computing device in which the extent of a cathode-ray beam 
sweep is controlled by deflecting plate voltages representing independent variables, and the light from 
the c-r screen passes through a screen having curves that interrupt the light beam, the resulting light 
pulses falling on a photocell whose impulses are integrated. 


U.S. No. 2,859,938. F. G. Boucher. Iss. 11/11/58. App. 1/3/55. Assign. Jersey Production Research 
Co. 


Orientation of Subsurface Earth Cores. A device for marking the orientation of the core while it is 
being cut and having near the bottom of the drill stem a magnetically-oriented sleeve that locks to the 
borehole wall, the drill stem carrying a scriber that makes circumferential scratches around the core 
with the scratch interrupted at an index point on the sleeve. 


U.S. No. 2,860,417. R. F. Knight. Iss. 11/18/58. App. 12/20/56. Assign. Core Laboratories, Inc. 


Depth Measuring Apparatus. A device for measuring length of drill stem run into a hole and hav- 
ing a pulley that. engages the final cable of the hoist and actuates one of a pair of counter switches at 
each revolution and having a dead-line switch that breaks the counting circuit when the drill stem is 
held by the slips, 
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Contribution to the Evaluation of the Precision of the Interpretation of Data from the Refraction 
Method (in Russian), N. P. Khalevin, Izvestiya Akademii Nauk SSSR, Seriya Geofizicheskaya, 
No. 8, 1956, pp. 912-919. 


Russian geophysicists have been publishing a series of papers analyzing the sensitivity to error 
of many phases of geophysical exploration. N. P. Khalevin has performed an elementary but detailed 
analysis of the effects of uncertainties in the determination of velocities upon depth and dip com- 
putations in seismic refraction surveying. A series of graphs are presented whereby the relative error 
of a refraction computation can be evaluated as a function of the data entering into the computation. 
While, admittedly, the assumptions of this paper are unrealistically simple, the behavior of the 
errors of dip and depth appears to be reasonably representative of the results which would flow from 
a more sophisticated analysis. 

Those who have considerable refraction interpretation experience will not be surprised at the 
large errors which may be introduced in depths and dips resulting, under some conditions, from 
quite minor errors in determination of velocities used in the computations. 

H. Savit 
Western Geophysical Company of America 
Los Angeles, California 


Attenuation of Seismic Waves in the Earth’s Mantle, B. Gutenberg, Bulletin of the Seismological 
Society of America, Volume 48, 1958, pp. 269-282. 


Plots based on amplitudes observed in many earthquakes show that attenuation of body waves 
through the mantle is substantially independent of period of the waves, in contrast with laboratory 
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experiments and observations of waves through the crust, where attenuation is found to increase 
with decreasing period. Various theories which have been proposed to describe attenuation in earth 
materials are discussed briefly, and references to about forty papers on the subject are given. 
J. E. WuitE 
The Ohio Oil Company 
Littleton, Colorado 
On the Elastic Wave Dispersion in a Plate, Hiromu Sima, The Science Reports of the Tohoku Uni- 
versity, 5th Series, Geophysics, Volume 9, 1958, No. 3. 


This paper reports measurements of flexural waves in plastic plates of various thicknesses and 
indicates that dispersion and other features of the waves are in complete agreement with available 
theoretical treatments. Instrumentation is quite typical, utilizing barium titanate transducers and 
oscilloscope display. 

E. WHITE 
The Ohio Oil Company 
Littleton, Colorado 


Least squares in magnetic and gravity interpretation, Donald H. Hall, Transactions, American Geo- 
physical Union, Volume 39, 1958, pp. 35-39. 


In what is usually called the indirect method of interpretation of magnetic and gravity anomalies, 
a particular type of distribution of magnetic or gravitative matter is assumed at the beginning of the 
calculation. As a practical matter the assumption is expressed in the form of a mathematical formula 
containing yet unknown parameters. The problem then is to determine these parameters from the 
observed magnetic or gravity values. After the parameters are found, the shape and location of a 
possible source of the magnetic or gravity anomaly are known. How close the result is to the true 
situation depends upon how lucky one was in picking the type of distribution. 

In the two-dimensional case the problem is easily visualized because it is essentially curve fitting. 
There have been many schemes developed in the past for estimating the parameters from anomaly 
curves, especially from characteristic values such as maxima or minima. A common process of fitting 
is to estimate a set of parameters, substitute them in the assumed mathematical formula, and com- 
pare the values found from the formula with the observed values. Usually it is necessary to repeat 
the process a number of times, after making slight changes in the parameters, in order to obtain a 
satisfactory fit. A criterion of fit often used is the average of the squares of the differences between 
the computed and observed values at a point, the average being taken over the observed or otherwise 
selected points. If this is the case, it is obvious that it would be more economical to use the principle 
of least squares at the very beginning of the calculation, since this would insure the best fit by such a 
criterion at the first step. If the parameters in the formula enter linearly, this scheme generally 
works out well; for the least squares equations, found by the usual process of minimizing the value 
of the criterion, or equivalently of the sum of the squares of the differences between the computed 
and observed values, are a set of linear equations which can be solved for the parameters immediately. 
Unfortunately, the formula is usually nonlinear in the parameters so that the minimization condition 
does not lead to equations linear in the parameters, and we have a difficult problem to handle. 

Hall’s paper contains suggestions for treating this problem for certain types of two-dimensional 
magnetic distributions. The extension to the three-dimensional case is immediate; it is mentioned 
briefly that the gravity case can be treated analogously. 

The magnetic case considered by Hall is that in which the intensity of magnetization, J, is con- 
stant in some fixed direction. The magnetic intensity, V, in some chosen direction, is then defined by 
an equation of the form 

V = kF(zx, dj). (1) 


Here k=cl; ¢ and the d; are the parameters which must be determined to characterize the magnetic 
distribution, and F(x, d;) is the function which has been picked ahead of time as the most likely 
type for the particular magnetic anomaly being studied. 
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The values of V are supposed to have been observed at a certain number of points. Using these 
values, the least squares equations, which are generally non-linear, are derived. Because of the 
complexity of the equations no useful general solution can be given. For this reason two special 
cases are treated. 

The first case is that in which the function F(x, d;) in equation (1) contains only one parameter, 
which we shall call z. Then from the least squares equations an equation can be derived which contains 
z as the only unknown and from which z can be determined by a trial and error process. This case is 
illustrated by the interpretation of the vertical intensity for a “thin,” vertically polarized dike. A 
rather indirect trial and error process is used which requires the preparation of a double entry table. 
The entries in this table are the deviations of the computed intensity values from the observed 
values, for a set of assumed values of z. From this table the correct value of z can be picked by in- 
spection. The amount of calculation is so extensive that the method is not practicable unless a 
modern digital computer is available. 

The other special case considered is that in which F(x;, d;) has the following form: 


F(x;, dj) = Gi(dj) + + + + Halas). (2) 


In this case a set of equations, numbered (11) in Hall’s paper, can be derived from which the nu- 
inerical values of the m functions kG,(d;) can be found. From these values the d; can then be deter- 
mined if & is known. Hall’s derivation of this set of equations (11) is incorrect; however, it can be 
shown that the set does follow from the least squares equations. Further, the implicit assumptions are 
inade that the G,(d;) are independent functions of the nd; and that the //,(x;) are linearly independent 
with respect to the points x;. This case is illustrated by the interpretation of the vertical intensity 
for a vertically polarized vertical dike. The sum of arctangents involved is transformed into the form 
(2) using a Taylor’s series expansion in terms of x through the sixth degree. 

There are a number of errata, some of which may be typographical errors, but which will prob- 
ably not cause any great difficulty to the reader, except the incorrect definition of m as the width, 
instead of the half-width, of the dikes. Since both the numerical examples presented are of mathe- 
matically perfect “artificial” data, a valuable addition to the paper would have been a trial on field 
data, so that interpreters might get some indication of how the method behaves when observational 
errors are present. 

Hall’s paper is a valuable contribution to the literature of magnetic and gravity interpretation 
since it shows how the difficulties of non-linear least squares can sometimes be avoided by ingenious 
mathematical devices or by the use of modern digital computers. 

Tuomas A. ELKINS 
Gulf Research and Development Company 
Pittsburgh, Pennsylvania 


Ein Vergleich von nach verschiedenen Naherungsformeln berechneten Werten von Ug, fiir theo- 
retische und praktische Beispiele (A Comparison of U,:2 Values Computed by Various Approxi- 
mate Formulas for Theoretical and Practical Examples), M. Hergerdt, Gerlands Beitrage zur 
Geophysik, Volume 66, 1957, pp. 4-22. 


This material was originally prepared by the author, an employee of VEB Geophysik, Leipzig, 
for the use of her fellow workers and students. Its purpose was to aid gravity interpreters by present- 
ing examples of the theoretical second derivative (U,..) pictures to be expected over certain mass 
anomalies of simple geometrical form, and by giving information on the degree of approximation of 
the coefficient schemes commonly used to compute the second derivative from gravity data. 

The first section presents formulas, graphs (profiles) of special cases, and some tables for use in 
computing further graphical examples, for gravity (U,), horizontal gradient (U,,) and second deriva- 
tive (Uss2), as specifically noted below for the following mass anomalies of constant density, of which 
all but the sphere are two-dimensional: 
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U, Uss 


Sphere Formula Formula Formula 
Graphs Graphs Graphs 
Table Table Table 


Infinite horizontal circular cylinder Formula Formula Formula 
Graphs Graphs 
Table Table Table 


Vertical fault Formula Formula Formula 
Graphs Graphs Graphs 


Fault with inclined face Formula 


Graphs 


Dike with bottom at infinity 


In addition, various formulas for the geometrical parameters are given as well as other hints for aid 
in the interpretation of the various anomaly types. The treatment of the vertical fault is especially 
thorough. 

In the second section are given the eight second derivative coefficient formulas to be tested. 
Most of these are available in the published literature and will only be briefly mentioned. For the rest 
a few details will be given below. 

1. The author calls this the “standard formula of Elkins” [Gropnysics, v. 16, 1951, p. 39, 


formula (15)]. 
2. This formula, which uses the same template as the first one, runs 


1 7 
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where s is the grid spacing and g, the gravity value at the center of the template. 

As the author states, this formula is found by using the same process as that by which the first 
one was derived except that terms up through the fourth degree are retained in the expansion of the 
average radial gravity in terms of the radius. Curiously, I had already derived this formula but have 


never published it. 
3. The third formula is developed following a suggestion of E. V. McCollum [Geopnysi¢s, v. 17, 


1952, p. 68; see formulas (15) and (16) ]. It runs 
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the values used lie on two perpendicular lines. 
4. The writer calls this Rosenbach’s first formula [Gzopuysics, v. 18, 1953, p. 905, formula 


(16) ]. 
5. The writer calls this Rosenbach’s second formula [Gropnysics, v. 18, 1953, p. 903, formula 


(15)]. 
6. The formula is 


1 4 4 
Um = [ 2D els) — |. 
4s 1 T 
It is found by averaging the following two formulas attributed to H. Haalck: 
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The points here fall on the seventeen-point template used for the first formula listed above. 

1 This is a formula of R. G. Henderson and I. Zietz [Gropnysics, v. 14, 1949, p. 512, formula 
(12) }. 

8. This is V. Baranov’s formula (Geophysical Prospecting, v. 1, 1953, p. 177). 

The third section contains graphs (profiles) which compare results found by selected coefficient 
sets with the theoretical second derivative values for two cases, the sphere and the vertical fault. 
The effect of varying the data spacing, s, for a fixed formula is also studied; for the sphere and infinite 
cylinder tables are given which list, for each coefficient set and for four data spacings, the ratio of the 
value found from the coefficient set to the theoretical value, at the location of maximum theoretical 
value. These tabular results are also presented graphically. As might be expected, this ratio increases 
with decreasing spacing and varies from set to set. The author suggests the possibility of taking ad- 
vantage, for depth determination, of the differences in the behavior of the various sets. Thus if one 
uses several sets and the maximum values differ greatly, the anomaly is probably near the surface, 
and in favorable cases it may be possible to infer from the tables the ratio of spacing to depth and 
thus to determine the depth. If the maximum values differ but little, the anomaly is probably at 
great depth. Further, one may be able to make inferences as to the depth by comparing calculations 
made with different spacings. 

In the fourth section these ideas are applied to published Gulf gravity data for the Cement field, 
Oklahoma. The second derivative contours are shown for six of the eight sets for mile spacing. In 
addition, contours are given for the “reduced gravity,” gr, calculated from the formula, related to the 
Haalck set, 


1 4 
= — gi(s). 
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The seven maps can be divided into two groups. One group has a closed high over the field; in the 
other the closed high breaks up into two parts. Using the tables of the third section and making the 
assumption that the eastern part of the anomaly can be approximated by a sphere, the author com- 
putes the depth to the top of the mass anomaly to be from 595 to 893 meters, depending on the 
density contrast, which is assumed to be between 0.1 and 0.3 g/cm*. The Cement structure is an 
anticline with two superposed domes at the surface and has a complex geology at depth. Personally, 
I have doubts as to the applicability of the sphere approximation in this case. However, the author 
has indicated the possibilities of this type of detailed second derivative analysis, risky though it may 
be at times. 

In the preparation of this paper, which lists twenty-nine items in the bibliography, Dr. Hergerdt 
has performed a large-scale job both of compilation and of calculation. The result is a contribution of 
great value and interest to all gravity interpreters. 

Tuomas A. ELKINS 
Gulf Research and Development Company 
Pittsburgh, Pennsylvania 


Contributions in Geophysics, in Honor of Beno Gutenberg, edited by Hugo Benioff, Maurice Ewing, 
B. F. Howell, Jr., and Frank Press; Pergamon Press Ltd., London and New York, 1958, 244 pp., 
$9.00. 


CONTENTS 


. The Energies of Seismic Body Waves and Surface Waves, Markus Bath. 

. Energy in Earthquakes as Computed From Geodetic Observations, Perry Byerly and John DeNoyer. 

. The Variation of Amplitude and Energy with Depth in Love Waves, Robert Stoneley. 

. About Some Phenomena Preceding and Following the Seismic Movements in the Zone Characterized 
by High Seismicity, Pietro Caloi. 

. Zur Mechanik und Dynamik der Erdbeben, Wilhelm Hiller. 

. Direction of Displacement in Western Pacific Earthquakes, John H. Hodgson. 
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. On Seismic Activities in and Near Japan, Chuji Tsuboi. 

. Solidity of the Inner Core, K. E. Bullen. 

. On Phases in Earthquake Records at Epicentral Distances of 105° to 115°, I. Lehmann. 

. Quelques Expériences sur la Structure de la Crotite Terrestre en Europe Occidentale, J. P. Rothé. 

. Seismic Observations at One Kilometer Depth, Howard E. Tatel and Merle A. Tuve. 

. Interpretation of the Seismic Structure of the Crust in the Light of Experimental Studies of Wave 
Velocities in Rocks, Francis Birch. 

. The Free Oscillations of the Earth, C. L. Pekeris and H. Jarosch. 

. The Geophysical History of a Geosyncline, F. A. Vening Meinesz. 

. Some Recent Studies on Gravity Formulas, W. A. Heiskanen and U. A. Uotila. 

. Data Processing in Geophysics, H. E. Landsberg. 

. Geomagnetic Drift and the Rotation of the Earth, Walter Elsasser and Walter Munk. 


Index 


This volume of fresh papers by some of the foremost geophysicists around the globe provides a 
kaleidoscopic picture of today’s geophysical frontiers, especially as related to seismology. The prepa- 
ration of the volume was a tightly held secret from the honoree. The publication, timed to his retire- 
ment as Director of the Seismological Laboratory of the California Institute of Technology, gives 
recognition to Beno Gutenberg’s outstanding accomplishments. Hardly a branch of geophysics has 
escaped Dr. Gutenberg’s scrutiny and pioneering contributions in both research and the academic 
field; and, more than any other individual, he has set the pace in the development of geophysics 
during the past thirty years. 

To the exploration geophysicist the book is of interest as perspective to his own field. He will ob- 
serve many parallelisms in the nature of problems faced by earthquake seismology and seismic ex- 
ploration. At times the problems are identical, as, for example, when heavy explosives are used by 
the seismologist in attempting to determine thickness of the earth’s crust, bounded by the Mohoro- 
vidié discontinuity. Like the problems of deep mapping in seismic exploration, the reflection from 
the Mohorovitié is obscured by noise waves and multiple reflections, and only the terminology may 
be different—the complex of interfering energy is described by Tatel and Tuve as ‘“‘an extensive coda” 
of the direct wave. To indicate another parallelism, we read from Lehmann that “the great uncer- 
tainty [of timing certain earthquake events] is due mainly to a variation of the phase itself and only 
to a small degree to ordinary errors of observation or to the disturbing effect of background move- 
ment.” Essentially the same statement may summarize one of the most serious interpretive prob- 
lems in seismic exploration. There is, of course, much to be gained from interchange of concepts and 
information between applied and general geophysics, and closer contacts between the two are needed. 

Markus Bath (1) provides empirical relations be.ween energies of body and surface waves from 
shallow-focus earthquakes; analogous relations in seismic exploration would be of some importance. 
The reader will find Byerly and DeNoyer’s paper (2) an interesting bit of analytical gymnastics in 
determining earthquake energy. Stoneley (3) computes relations for amplitude and energy of Love 
waves for conditions pertinent to the earth’s crust. Caloi (4) shows intriguing results of tilt meter 
readings in northern Italy, indicating clearly the progressive sequence of folding before a local quake 
that produces rupture. That the basic source of seismic activity must lie deep within the earth is the 
thesis of Hiller’s paper (5) to explain the broad geographic distribution of the activity. Hodgson (6) 
treats the problem of fault plane solution from seismologic data. Tsuboi (7) surveys seismic activity 
in Japan, beginning with 416 A.D. A summary of evidence as to whether the earth’s inner core is 
solid or liquid is presented by Bullen (8). 

Lehmann (9) shows by example that even when a large amount of seismologic data is available, 
the timing of events is in doubt by the intrinsic limitation of that data, as quoted already in this re- 
view. Though a reflection from the Mohorovitié, using heavy explosives, was not detected by Tatel 
and Tuve (11), Rothé (10) reports some apparent success in France and Germany. Birch (12), em- 
ploying laboratory measurements of velocity in granites and gabbros, indicates that velocity changes 
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within the crust could be associated with the relative content of granite and gabbro and that this 
would tend to exclude low-velocity layers. Pekeris and Jarosch (13) compute refinements to the 
60-minute period that Lamb in 1911 determined for the free oscillation of the earth, the new work 
being prompted by the first observation of the earth’s free oscillation by Benioff. Vening Meinesz 
(14) outlines his earth current theory of mountain building. In Heiskanen and Uotila (15) a résumé 
of formulas for the gravity of the earth is presented, together with their own new formulas. 

The paper of Landsberg, ‘Data Processing in Geophysics” (16), of particular interest to the ex- 
ploration geophysicist, is a thorough report on the subject. The extensive use in meteorology is 
attested by the fact that in 1956 the National Weather Research Center in Asheville, N. C., held 300 
million punched cards. Elsasser and Munk (17) demonstrate that the drift of the geographic poles 
cannot be attributed to the motion within the earth’s core, even though the latter can explain the 
fluctuation in the rate of the earth’s rotation. 

M. B. WipEss 
Pan American Petroleum Corporation 
Fort Worth, Texas 


Well Logging, AIME Petroleum Transactions Reprint Series No. 1, 168 pp. 


Brought together in one volume (168 pages) are reprints of 14 select papers from among those 
which have appeared previously in the Petroleum Transactions of the AIME. 

It is stated in the Foreword that a special committee “chose those papers which provided the most 
up-to-date reference on well logging rather than those which provided primarily a historical develop- 
ment of logging.” 

Nevertheless, the papers included span a 16-year period of publication (from 1942 through 1957). 
A discussion of the merits of the reprinted papers seems superfluous by now, since many of them have 
already stood the test of time. It is remarkable that some of the older papers are still as relevant today 
as when they were first written. 

The papers in this selection are arranged in three groups. Eleven of the papers are on electric 
logging, two on nuclear logging, and one on dipmeter logging. Electric logging is further broken down 
into two sections: the first (of six papers) concerned with interpretation of self-potential and resistivity 
measurements, the second (of five papers) describing modern logging devices commonly used to make 
the measurements. Although such a subdivision is neither harmonious nor strictly logical, it is prob- 
ably useful in practice. 

The compilation, by its very nature, is not a complete handbook on well logging. For instance, 
the basic electric logs, i.e., the normal and lateral logs, are not mentioned at all. Neither is the general 
problem of the reduction of measured apparent resistivities to real resistivities by means of response 
curves (departure curves). However, this information is readily available from other sources. Besides, 
the current trend is away from the “conventional” logs towards the more advanced, more direct- 
reading (focussed) devices, such as the induction log, Latero-log and Guard-log, which are fully dis- 
cussed. 

Two of the latest developments, acoustic velocity logging and density logging, are not repre- 
sented, partly, no doubt, because so far papers on these subjects had not been published in the AIME 
Transactions. 

There may be some argument about the omission or inclusion of one paper or another, but this 
is hard to avoid. By and large, the committee’s choice should be fairly typical of the views of people 
working in this field. Furthermore a bibliography of all the other AIME papers on well logging is 
provided. 

The present selection forms an excellent introduction to well logging for anyone wishing to be- 
come acquainted with the subject, a branch of geophysics overlooked by most exploration geophysi- 
cists. The critical reader may be shocked to observe that for the most part the interpretation methods, 
particularly in nuclear logging, lack a firm theoretical basis, but this state of affairs is no worse than 
that prevailing elsewhere in applied geophysics. 

For those daily engaged in well logging the book is valuable as a compendium, It is a handy 
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reference to otherwise scattered papers, some of which are almost classic in the sense that they are 
often cited but seldom read. Henceforth there is no excuse for such illiteracy. 
A. J. DE WITTE 
Gulf Research and Development Company 
Pittsburgh, Pennsylvania 


Possible Permian Climatic Zonation and Its Implications, Francis G. Stehli, American Journal of 
Science, Volume 255, 1957, pp. 607-618. 


I cannot attempt to discuss the fundamental merits of this paper, as it deals with paleontology 
in considerable detail. The author studies various groups of Permian fauna in outcrops of Permian 
marine sediments widely scattered over the earth’s surface. He concludes that there is good evidence 
of concentration of these fauna in a zone extending from about 55°N latitude through the equator 
into the southern hemisphere. Insufficient data are available to permit obtaining a southern limit. 
He quotes other workers in the field who have shown that there are ‘‘abrupt changes in the solubilities 
of some 200 substances in water near the following temperatures: 15°, 30°, 45°, and 60°C. Some bio- 
logical implications of these solubility changes . . . impose important biochemical thresholds . . . the 
sharp subtropical-temperature marine faunal break closely parallels the 15°C winter isotherm.” The 
sharp breaks in Permian fauna along the 55°N latitude line suggest that during that period the axis 
of spin of the earth was substantially as it is now. Other evidence shows that the 15°C isotherm coin- 
cides with the sharpest faunal break in Cretaceous time and at present and that this isotherm exists 
at roughly the same latitude as in Permian time. 

The author concludes that this evidence is “in complete disagreement with the interpretation of 
remanent magnetism data by Runcorn,” concerning Runcorn’s suggestion of polar wandering. The 
author concludes that the equator (and therefore the poles) must have been in substantially their 
present positions in the Permian and Cretaceous periods. 

His handling of statistical data appears to be competent, and the correlations are apparently 
not accidental. 

This paper is worthy of our attention, since it offers a different kind of evidence in the controversy 
concerning polar wandering. It casts a doubt upon the conclusions reached by some workers in 
paleomagnetism and suggests that the established orientations of magnetic remanence might be due 
to causes other than magnetic polar drift. 

James AFFLECK 
Gulf Research and Development Company 
Pittsburgh, Pa. 


Concise International Dictionary of Mechanics and Geology, S. A. Cooper, Philosophical Library, New 
York, 1958, 400 pp., $6.00. 


The purpose of this dictionary is well served. The most common technical terms used in chem- 
istry, geology, and engineering are included, and their equivalents in French, German, and Spanish 
are given. The three foreign language indexes at the back of the book provide easy cross-referencing 
to the main part of the dictionary which is in English. This dictionary should be most useful to per- 
sons engaged in foreign trade where technical terms are involved. 

E. Ronat 
Jersey Production Research Company 
Tulsa, Oklahoma 


Advances in Geophysics, Volume 4, edited by H. E. Landsberg and J. Van Mieghem, Academic Press- 

Inc., New York, 456 pp., $12.00. 

This work is one of a continuing series, each volume comprising a number of long papers each con- 
tributed by an authority in a particular field of geophysics. The title, “Advances in Geophysics,” is 
somewhat of a misnomer for the papers are actually review papers giving a comprehensive account 
of the subjects considered. They are usually written on a technical level suitable for advanced stu- 
dents of the subject. Volume 4 contains five papers: 
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“Atmospheric Chemistry” by C. E. Junge 
. “Theories of the Aurora” by J. W. Chamberlain 
. “The Effects of Meteorites Upon the Earth” by Lincoln La Paz 
. “Smoothing and Filtering of Time Series and Space Fields” by J. Leith Holloway, Jr. 
. “Earth Tides” by Paul J. Melchior 

The last two papers listed may be of considerable interest, and of value, to readers of Gro- 
PHYSICS. 

Paul J. Melchior is with the Royal Observatory at Brussels, Belgium, and is Reporter General 
for earth tides of the International Associations of Geodesy and Seismology. His discussion of earth 
tides is published in translation (an excellent one). The paper is a complete discussion of the subject 
from basic theory to observations made by a variety of instrumentation. This paper is highly recom- 
mended to anyone having even a slight interest in the subject. 

The most modern instrument for the study of earth tides is the gravimeter originally designed 
for the exploration geophysicist. Many of these instruments, in modified form, are presently being 
used to study earth tides by observations of their gravitational effects. Many geophysical prospecting 
organizations have already made contributions to this study. Dr. Melchior points out that, to be of 
real value, continuous observations should be made over long periods of time, at least one month, 
so that the data obtained may be subjected to harmonic analysis. 

J. Leith Holloway is with the U. S. Weather Bureau in Washington, D. C. His paper on the 
smoothing and filtering of time series is not only a review of the subject but contains much informa- 
tion of practical value. His discussion emphasizes the equivalence of “smoothing” data by mathe- 
matical operators and the “‘filtering”’ of time series such as are represented, for example, by a seismic 
record. The author shows how operators may be selected to act upon a time series as a high-pass, low- 
pass, or band-pass filter, and gives examples of each. More briefly, he discusses the extension of the 
filtering concept to the smoothing of space fields, as are represented, for example, by a gravity survey. 
The point of view here emphasized is not strange to readers of Gropuysics, but it has been this re- 
viewer’s experience that mathematically trained men handling data do not always appreciate the fact 
that their manipulation of data is often directly related to methods used by electrical engineers (and 
visa versa). The present tendency in applied geophysics toward more refined data analysis makes it 
more necessary than ever before that all men concerned with such work meet on common ground. 
The paper here reviewed is a help toward that end, as are a number of papers originally published in 
Geopuysics, for example, that by Swartz and Sokoloff (1954). 

Lincoln LaPaz is the Director of the Institute of Meteoritics of the University of New Mexico. 
His paper on the effects of meteorites upon the earth is more comprehensive than its title may in- 
dicate. It summarizes almost all that is known about meteorites, and discusses the uncertainties still 
existing. Meteorite craters on the earth are discussed in interesting fashion. The serious study of 
meteoritic phenomena has in the past attracted only a few individuals, but the subject is now be- 
coming of practical importance since the presence of meteoritic material in space must be considered 
a hazard in space travel. Undoubtedly artificial earth satellites will soon contribute much information 
to that patiently accumulated by such men as Dr. LaPaz. 

Joseph W. Chamberlain is with the Yerkes Observatory of the University of Chicago. His paper 
on the theories of the Aurora may well prove to be the most important one in the book, in view of 
the importance attached to the subject during the International Geophysical Year. It is difficult 
reading for one not familiar with the field and so may not be of great interest to most readers of 
Geopuysics. The same is true of the paper on atmospheric chemistry written by C. E. Junge of the 
Air Force Cambridge Research Center. This paper is concerned with the active trace substances in 
the atmosphere. However, the inhabitants of the Los Angeles basin will agree that this subject is of 
great practical interest, as will those concerned with the problem of radioactive fallout and the rela- 
tionship between particles in the atmosphere and weather. Dr. Chamberlain’s paper gives a great 
deal of information about the subject and will certainly prove to be a basic reference work to all 
concerned with the problem of air pollution in all its various phases. 

All the papers in this volume are accompanied by extensive bibliographies, adding to the value 
of the book as a reference. 
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MICHAEL ANGELO BOCCALERY 


MIcHAEL ANGELO BoccaLery died suddenly of a heart attack at the Ex- 
celsior Hotel in Rome on the evening of November 1, 1958. After being in robust 
health for sixty years, he suffered a first, mild attack the previous Tuesday but 
continued with undiminished activity until his death. He is survived by his wife, 
Aida, a brother, Domenico, and a sister, Caterina Trucchi. 

“Bo,” as he was known to his many friends, was born February 6, 1898, in 
the town of Silvano d’Orba in the mountains above the ancient Italian port of 
Genoa. His childhood and youth were spent in and near Ogden, Utah, where his 
family settled after moving to the United States in 1902. American citizenship 
came to young Michael during his school years in Ogden as a consequence of his 
father’s naturalization. 

Upon returning from military service in World War I, Bo entered the Uni- 
versity of Utah where he studied electrical engineering and received his Bachelor 
of Science degree. A Bell Laboratories Fellowship resulted in an important move 
to the graduate school at Columbia University and to a Master’s degree in 
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physics. It was during this period of graduate study in New York that Bo met 
Aida Mary Surino. They were married in New York in 1927. 

After nine years as a research engineer with Bell Laboratories and one year as 
a radio engineer with the Sorinola Company of New York, he entered geophysics 
as a computer for the newly formed Western Geophysical Company in November 
of 1933. The vigor, deep understanding, and inexhaustible good humor with 
which he attacked every problem brought Michael Boccalery to the position of 
Party Chief in 1934 and Supervisor in 1936. 

In 1939 he went to Italy to organize the first seismic exploration of the land 
of his birth. War interrupted the program, but not before Boccalery and his 
crew had mapped the Po Valley structure which, when drilled in 1943, became 
the first commercial gas field in Italy. 

Exploration programs in Argentina and Paraguay occupied his attention until 
1947, when he returned to Italy to resume his prewar activities. At the time of 
his death Michael Boccalery was Vice-President and manager of European op- 
erations for Western, with headquarters in Milan. 

A member of SEG for 23 years, Bo had also lent his active support to the 
European Association of Exploration Geophysicists since its early days. Bo’s ac- 
tivities outside of his professional life were rich and varied, ranging from active 
membership in the American Legion to the encouragement of opera as a patron 
of La Scala, Milan. 

Michael Angelo Boccalery lived a rich and full life. Not only did his quick 


mind range over a broad field of interest, but his sincerity and warm heart made 
him beloved of all who knew him. Always ready to extend a helping hand to 
those in trouble, he gave of his help and counsel with sympathy, patience, and 
understanding. He enriched our profession and the world in which we live. His 
passing is a great loss to all of us. 


HENRY SALVATORI 
Los ANGELES, CALIFORNIA 
December 17, 1958 
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M110 M. Backus received his B.S. degree in 1952 and 
his Ph.D. in 1955, both in geophysics and both from MIT. 
From 1952 to 1955, he was engaged in research for the 
Atomic Energy Commission in the Mass Spectrometric De- 
termination of Geologic Age. During the summer of 1952, 
he worked on a field crew for Geophysical Service Inc. 
under its student co-operative plan. Since 1955, Dr. Backus 
has been on the research staff of Geophysical Service Inc., 
and he is now Chief Research Geophysicist. 

Dr. Backus is a member of SEG, EAEG, AGU, and the 
Acoustical Society of America. 


J. H. BLackwE Lt was born in Melbourne, Australia, on 
July 9, 1921. He attended primary and secondary school 
in Melbourne, and in 1939 he entered the University of 
Melbourne. From there he graduated B.Sc. in physics in 
1941; and he served in the Australian Army from his gradu- 
ation until August, 1946. 

After his military service, he went to Canada to take 
graduate work at the University of Western Ontario. From 
there he graduated M.Sc. in physics in 1947 and Ph.D. in 
1952. 

Dr. Blackwell has been a member of the staff of the 
University of Western Ontario since September, 1947. He 
currently holds the rank of Associate Professor. 
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CONTRIBUTORS 


RoBERT M. EL is was born in Meaford, Ontario on 
March 16, 1936. He graduated B.A. in 1957 from the Uni- 
versity of Western Ontario, having specialized in mathe- 
matics and physics. In 1958 he received from the same 
university the M.Sc. in physics. He is presently studying 
for the Ph.D. in mathematics at the University of Cali- 
fornia at Los Angeles. 

Mr. Ellis is a student member of the Canadian Associ- 
ation of Physicists. 


Lucien J. B. LaCoste received his B.S. in E.E, in 
1931 and his M.A. and Ph.D. in 1933 (in physics) from the 
University of Texas. From 1933 to 1935 he was a Research 
Fellow at the California Institute of Technology; and from 
1935 through 1939 he was an Instructor and, later, an 
Assistant Professor of Physics in the University of Texas. 

Since 1939 Dr. LaCoste has been a partner in the firm 
of LaCoste and Romberg. For five months during 1942 he 
was a Staff member at the Radiation Laboratory at MIT, 
and from 1942 to 1945 he was the Director of War Research 
at the University of Texas. 

Dr. LaCoste is a member of SEG, AGU, the Institute 
of Radio Engineers, Sigma Pi Sigma, Tau Beta Pi, Phi 
Beta Kappa, and Sigma Xi. 


Davip T. Liw graduated in 1945 from the National 
Central University of China with a B.S. in Mechanical En- 
gineering. In 1947 he came to the United States for gradu- 
ate study, and in 1948 he received from the University of 
Illinois his M.S. in Mechanical Engineering. He continued 
his graduate work at Northwestern University in engineer- 
ing mechanics, and from there in 1952 he graduated Ph.D. 

From 1953 until early in 1959, Dr. Liu was associated 
with the California Research Corporation, working on the 
theoretical analyses of oil field research problems. He is 
now with the I.B.M. Research Center at Yorktown 
Heights, New York. 
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CONTRIBUTORS 


Erick B. MANcueE was born in Toronto and received 
his primary and high school education there. From 1942 to 
1945, he served with the Canadian Army in anti-aircraft 
radar. In 1945 he entered the University of Toronto and in 
1949 received the degree of B.A.Sc. (in engineering physics, 
geophysics option). 

After graduation, he was employed by Geophysical 
Service Inc. and worked in Western Canada as a seismic 
computer. In 1950 he returned to the University of Toronto 
and received the degree of M.A. in physics the following 
year. Since 1951 Mr. Manchee has been employed by the 
California Standard Company in Western Canada; and 
since 1954 he has held the position of Staff Geophysicist in 
Calgary. 

Mr. Manchee is a member of SEG, EAEG, the Alberta 
Society of Petroleum Geologists, and the Canadian Society 
of Exploration Geophysicists. 


S. T. MARTNER received his B.A. degree in geology 
from the University of California and his M.S. and Ph.D. 
degrees in geophysics from the California Institute of Tech- 
nology. 

Dr. Martner has been associated with the Pan Ameri- 
can Petroleum Corporation since 1948, where he now serves 
as a Research Group Supervisor. 
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CONTRIBUTORS 


Louis PESELNICK took the Bachelor’s degree in Elec- 
trical Engineering from the Catholic University of America 
in 1950, the Master’s degree in 1952, and the Ph.D. in 
physics in 1957. 

Dr. Peselnick has been a consultant in private industry, 
advising on the use of electronic measurement techniques 
to develop improved electrolytic capacitors. In 1957 he 
joined the Geophysics Branch of the U. S. Geological Sur- 
vey, where he has been studying the elastic and anelastic 
properties of earth materials. His bibliography includes 
papers on the molecular mechanisms of ultrasonic absorp- 
tion. 

Dr. Peselnick is a member of the Acoustical Society of 
America and the Society of Sigma Xi. 


CHARLES E. Price received his B.S. degree in geology 
and mathematics from the University of Redlands in 1953. 

After graduation he was employed as a reflection and 
refraction seismologist by the Shell Oil Company in Cali- 
fornia and Nevada. In 1954 he entered the University of 
Utah to study graduate topics in general geology and mag- 
netic and electrical prospecting. From 1955 to 1957 he 
served in the U. S. Army and was assigned to Fort Lee, 
Virginia, and Redstone Arsenal, Alabama, as a research 
physicist. 

After his military service, Mr. Price joined the staff of 
the Ground Water Branch of the U. S. Geological Survey 
in Tacoma, Washington; and he is presently engaged in 
work involving ground water geology and hydrology in the 
state of Washington. 
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CONTRIBUTORS 


Netz R. Sparks received his B.S. degree in Electrical 
Engineering from the University of California, and he 
continued in graduate study in the field of seismology. 

In 1933 Mr. Sparks entered the employ of the U. S. 
Coast and Geodetic Survey in its program of earthquake 
research. In 1936 he became associated with the Western 
Geophysical Company and the Pan American Petroleum 
Corporation in their combined Geophysical Laboratories. 
Since that time, he has been continuously associated with 
the Pan American Petroleum Corporation and is at present 
a Research Associate. 


ALAN W. Trorey graduated B.A.Sc. in engineering 
physics from the University of British Columbia in 1949. 
After engaging in microwave research at the Canadian 
National Research Council, he received his M.S. and Ph.D. 
degrees in electrical engineering from Stanford University. 

In the course of his graduate work, Dr. Trorey con- 
ducted research in connection with low frequency loran, 
information theory, and the plastic deformation of building 
structures. In 1954 Dr. Trorey was employed by the Cali- 
fornia Research Corporation as a Research Physicist where 
he has been concerned with the design of special purpose 
seismic instrumentation and with problems in theoretical 
seismology. 

Dr. Trorey is a member of the Institute of Radio En- 
gineers, the Engineering Institute of Canada, and the 
Society of Sigma Xi. 
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CONTRIBUTORS 


D. J. WALKER is a B.Sc. in Mechanical Engineering 
from the University of Saskatchewan, having graduated 
there in 1946. 

For five years, he was associated with the Gulf Re- 
search and Development Co. Ltd. and its successors in 
Canada; and in 1956, after several years with various con- 
tracting companies, he joined the Triad Oil Co. Ltd. 

Mr. Walker is a member of SEG, the Canadian Society 
of Exploration Geophysicists, and the Association of Pro- 
fessional Engineers of Alberta. 


G. C. WERTH received his B.S. in Engineering Physics 
from the University of Colorado in 1949. After a short so- 
journ at the Woods Hole Oceanographic Institution he 
pursued his graduate studies in physics at the University of 
California at Los Angeles where he received the Ph.D. in 
1953. 

Following this, he spent a year working in operations 
research at Arthur D. Little, Inc. In 1954, he joined the 
staff of the California Research Corporation where he 
worked on seismic exploration problems. He is now associ- 
ated with the Radiation Laboratory of the University of 
California at Livermore. 

Dr. Werth is a member of SEG, AGU, the Acoustical 
Society of America, the Seismological Society of America, 
and the Society of Sigma Xi. 


Biographies of the following authors appear in the earlier issues of Geopuytscs as follows: Leon 
Knopoff, v. 22, p. 946; T. C. Richards, v. 23, p. 380; Clarence H. Sandberg, v. 23, p. 871; and Isidore 
Zietz, v. 21, p. 890. 


a 
fa 
EAGe 


SOCIETY ROUND TABLE 


COMMITTEES FOR THE YEAR ENDING IN NOVEMBER 1959* 


EXECUTIVE COMMITTEE 


President: E. V. McCotium, E. V. McCollum and Company, Tulsa, Oklahoma 
Vice-President: Wrtu1aM M. Erpant, Skelly Oil Company, Tulsa, Oklahoma 
Secretary-Treasurer: ROBERT Dyk, Tidewater Oil Company, San Francisco, California 


Editor: LAwrENcE Y. Faust, Amerada Petroleum Co 


oration, Tulsa, Oklahoma 


Past President: O. C. CLtFForD, JRr., The Atlantic Refining Company, Dallas, Texas 


Nominations 
E. V. McCottum, Chairman 
O. C. CLirForD, JR. 
Roy F. BENNETT 


Tellers 


Honors and Awards 
Curtis H. Jonnson (’59), 
Chairman 
Roy L. Lay (’60) 
Paut L. Lyons (’61) 
R. C. Dunrap, Jr. (’62) 


Constitution and Bylaws 
W. M. Rust, Jr., Chairman 
Cecit H. GREEN 
W. W. Harpy 
Paut L. Lyons 
L. L. NETTLETON 


SEG Foundation 


FRANK GOLDSTONE (’59), 
Chairman of Trustees 

Hucu M. Tura tts (’60), 
Trustee 

Bart W. SorceE (’61), Trustee 


American Geological 
Institute Directors 


Roy F. Bennetr 

O. C. Jr. (’60) 
AGI Glossary 

R. A. GEYER, Chairman 


J. Tuzo WILSON 


AGI Committee on 
Licensing 


A. E. McKay, SEG Member 


National Research Council 
Division of Earth Sciences 
Representative 


AAAS Council 
Representative 


ROLanpD F. BEERS 


Distinguished Lectures 


JouN BeMRosE (’59), Chairman 
Born (’59 

A. J. HInTzE (’60) 

J. WELDON THomas (’60) 

A. L. MusGRAVE (’61) 
GEorGE P. WooLrarn (’61) 


Safety 
. SELLERS, JR., Chairman 
BRANTLEY 
. BROWN 
. COCHRAN 
. GREEN 
. HANAHEN 
. HENDERSON 
RLES L. HUGHES 
KINTz 
NEWTON 
WELLS 


OR WO 


H 


G. M. 
W. H. 
E. L. 


Mining Geophysics 
H. LERoy Scuaron, Chairman 
C. HOLMER 
GerorGE V. KELLER 
RoBErT J. Lacy 
NELSON C. STEENLAND 
R. MAuRIcE TRIPP 
RoBert G. VAN NOSTRAND 
STANLEY H. WaRD 


Membership 
Howarp E. ItTEN, Chairman 
WALTER D. Barrp 
L. R. BAXENDALE 
C. Hucu BroussaRD 
Mark D. BUTLER 
LEE CoMPTON 
H. F. Dopson 
H. L. GRANT 
L. F. LocKarp 
C. F. Moore, Jr. 

H. B. PEAcock 

O. J. RAUSCHENBACH 
BEN W. SMITH 
RoBERT W. TEIPEL 


G. E. 
Noten A. WEBB 


Public Relations and 

Publicity 

H. C. Chairman 

Sam W. ALLEN, JR. 

A. W. Brack 

Joun M. CocHRANE 

C. E. 

W. C. Fry 

MILTON S. HATHAWAY 

B. G. HuBNER 

KEsELIK 

Roy E. LAwson 

F. F. LAMBRECHT 

P. E. MACKEY 

A. A. MILTON 

Marc ROBERTS 

D. R. SCHEEL 


Business Office 
James F. Jonnson (’59), 
Chairman 
Frank E. Brown (’60) 
E. H. WEttscH (’61) 


Publications 
Cecit H. GREEN, Chairman 
SicmunpD I. HAMMER 
H. B. PEAcock 
SIDNEY SCHAFER 
RoBERT J. WATSON 


Subcommittee on Transla- 
tion of Russian 
Publications 
IRWIN RomMAN, Chairman 
EvuGENE M. McNatr 
Paut P. REICHERTZ 


Reviews 

FRANKLYN K. LEvIn, 

Chairman 
W. T. Born 
Tuomas A. ELKINS 
W. W. Garvin 
SicmunpD I. HAMMER 
CHWAN-CHANG LEE 
Joun E. NaFE 


* These are the committee listings which have been submitted to the Business Office prior to 


March 1, 1959. 
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D. S. HuGHEs 
Paut L. Lyons 
L. L. NETTLETON 
D. C. SKEELS 


Cart H. Savit 
VicTOR VACQUIER 
J. E. 


Index of Wells 
V. U. GaITHER, Chairman 


Case Histories 
P. Carton, Chairman 


Geophysical Activity 
H. G. Patrick, Chairman 
KENNETH L. Cook 
R. J. CoPELAND 
HERBERT Hoover, Jr. 
Santos FicuEROA HUERTA 
C. N. Hurry 
Bart W. SorGE 
L. R. TUCKER 


Education 
JosHua L. SoskE, Chairman 
Victor J. S.J. 
P. E. DEHLINGER 
G. D. GARLAND 
J. W. Hoover 
J. B. Hupson 
V. VACQUIER 


Radio Facilities 
B. D. LEE, Chairman 


Geophysical Society of Tulsa 
Chartered Feburary 2, 1948 
ames F. Johnson, pres. 
ohn E. Bondurant, /st 0-pres. 
Iph D. Lynn, 2nd v-pres. 
Edward We tsch, treas. 
Roark, editor 
.W. Butler, secty. Tidewater Oil 
Company, P.O. Box 731, Tulsa, 


oma 
Meetings: Monthly, 2nd Thursday, 
7:00 P.m., meeting only, Univer- 
sity of Tulsa, room 224, Petroleum 
Science f 


Geophysical Society of Houston 
Chartered February 14, 1948 
John F. Anderson, pres. 
S. Brooks Stewart, /st v-pres. 
Paul Farren, 2nd v-pres. 
ohn R. Monkhouse, éreas. 
ernard G. Hubner, Jr., secty. At- 
lantic Refining Company, Box 
1346, Houston 1, Texas 
Meetings: Monthly, Noon Luncheon 
($1.65), Rice Hotel 


Pacific Coast Section SEG 
Chartered April 12, 1948 
Robert B. Moran, !r., pres. 
Woodrow P. Wilson, v-pres., ND. 
‘ohn P. Gates, v-pres., S.D. 
omas L, Slaven, 


SOCIETY ROUND TABLE 


W. M. Rust, Jr., Vice- 
Chairman 

C. B. Bazzon1 

RICHARD BREWER 

V. RoBERT KERR 

E. M. SHOOK 

DANIEL SILVERMAN 

Bart W. SorcE 


Magnetic Recording 
J. D. Sketton, Chairman 
Keitu R. BEEMAN 
Ro anp F. BEERS 
K. E. Bure 
J. M. CUNNINGHAM 


E. B. TIcKELL 
F. A. VAN MELLE 


Subcommittee on Definitions 
and Measurements 


L. W. Eratu, Chairman 
R. A. ARNETT 

FRANK B. COKER 

J. M. CuNNINGHAM 

J. J. Durapau 


LOCAL SECTIONS* 


Nolen A. Webb, secty-treas. Rich- 
field Oil Corporation, 5900 Cherry 
Avenue, Long Beach 5, Cali- 
fornia 

Meetings: Monthly, 2nd Thursday, 
Noon luncheon ($2.00), Biltmore 
Hotel, Los Angeles 


Dallas Geophysical Society 
Chartered August 7, 1948 

Martin C, Kelsey, pres. 

— A. Cathey, /st v-pres. 
m. C. Wooley, 2nd v-pres. 

Mark K. Smith, Jr., secty. Geo- 
physical Service Inc., P.O. Box 
35084, Airlawn Station, Dallas 35, 
Texas 

Meetings: Monthly, usually 2nd 
Monday, 8: P.M., Fondren 
Science Building, Southern Meth- 
odist University 


Fort Worth Geophysical Society 
Chartered August 7, 1948 

Paul H. yard, pres. 

L. V. Lombardi, »-pres. 

Burl J. Boring, reas. 

H. McCleary, secty. Woodson 
Oil Company, 2600 6th Avenue, 
Fort Worth 4, Texas 

Meetings: Monthly, 4th Monday, 
Sora luncheon ($1.50), Texas 

ote 


. J. FEAGIN 
Re 


Subcommittee on Recorder 
Characteristics 


S. KaurMan, Chairman 
A. L. PARRACK 


Research 
. BorN, Chairman 


G 


Joun C. HOLLIsTER 
James F. JOHNSON 
THEODORE R. MADDEN 
T. J. O'DONNELL 

A. L. PARRACK 

FRANK PRESS 

R. R. THomMpson 

J. E. WHITE 

J. P. Woops 


M. M. Slotnick Memorial 
Ricuarp A. GEYER, Editor 


Ark-La-Tex Geophysical Society 
Chartered March 12, 1949 

Bill C. Tucker, pres. 

S. T. Spradlin, 9-pres. 

W. F. Wilhite, secty-treas. Gulf 
Refining Company, P.O. Box 
1731, Shreveport, Louisiana 

Meetings: Monthly, last Monday, 
Noon luncheon ($1.50), Captain 
Shreve Hotel, Shreveport 


Permian Basin Geophysical Society 
Chartered January 30, 1950 
R. A. Baile, pres. 
. E. Clark, Ist 0-pres. 
. M. Armstrong, 2nd v-pres. 
. E. Phipps, tres. 
D. D. Matson, secty. Mkdwest Oil 
Corporation, 404 Wilkinson-Fos- 
ter building, Midland, Texas 
Meetings: Monthly, 2nd Tuesday 
7:30 P.M., free coffee and donuts, 
Midland Women’s Club, Midland, 
Texas 


Denver Geophysical Society 
Chartered May 19, 1950 
pres. 
ohn C. Hollister, o-pres. 
red L, Travis, secty-treas. Tower 
Exploration Inc., 3600 South 
= Street, Englewood, Colo- 
rado 


* This listing of local sections and student societies includes all changes submitted to the Business 


Office prior to March 1, 1959. 


ROGER HARLAN 
R. W. KELLEY 
R. C. Moopy 
J. D. EIsLer Biake, Jr. 
Harop Fretps FEE BoucuER 
| J. E. Hawkins CRAWFORD 
G. B. Loper Crecit H. GREEN 
R. A. PETERSON 
R. R. Toompson 
fae, 
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Meetings: Monthly, 1st Monday, 
Noon luncheon ( 2, 35). Petroleum 
Club, Denver 


Canadian SEG 


Chartered January 24, 1952 
J. Kidder, pres. 
M. B. Dobrin, v. pres. 
P. J. Savage, secty. 130 Bond Ave- 
nue, Don Mills, Ontario, Canada 
Meetings: Monthly, no set schedule 


Society of Oklahoma 
i 


Chartered September 30, 1952 

Robert H. Peacock, pres. 

A, Oden, 1st v-pres. 

H.R DeVinna, 2nd v-pres. 

K. M. Barry, treas. 

H. J. Fenton, secty. British-Ameri 
can Oil Producing Company, 511 
Oil and Gas Building, Oklahoma 
City, Oklahoma 

Meetings: Monthly, 2nd or 3rd 
Monday. Time and place to be 
announced 


Casper Geophysical Society 
Chartered May 23, 1953 
A. ustin pres. 
George L. Ellis, v-pres 
Barry W. Koch, secty-treas. Tide- 
water Oil Company, Box 1611, 
Casper, Wyoming 
Ist 
, dinner ($2.75), Town- 
out Hotel, Casper, Wyoming 


Geophysical Society of South Texas 
Chartered November 9, 1953 

W. Harry Mayne, pres. 

gy W. E. Edmonson, »-pres. 

J. Rudolph, secty-treas. Petty 
“Geophy sical Engineering Com- 
pany, P.O. Drawer 2061, San 
Antonio, Texas 

Meetings: 1st and 3rd Wednesdays, 
Noon luncheon, Sommers Cafe- 
teria, Main Plaza, San Antonio 


Southeastern Geophysical Society 


Chartered April 1, 1954. 

I. B. Murray, Jr., pres. 

M. H,. Dingman, /st v-pres. 

J. D. Keese. 2nd v- pres. 

Clark E, Allen, secty-treas. Geo- 
physical Service Inc., 414 Caron- 
delet Building, New Orleans 12, 
Louisiana 

Meetings: Monthly, 3rd Monday, 
Noon luncheon ($1.50), St. 
Charles Hotel, New Orleans 


Montana Geophysical Society 
Chartered April 12, 1954 
W. T. Langstroth, pres. 
W. L. Holloway, /st v-pres, 
A. J. Newton, 2nd v-pres. 
N. L, Hull, secty-treas. Mobil Pro- 
ducing Company, P.O. Box 2548, 
Billings, Montana 


SOCIETY ROUND TABLE 


Meetings: Monthly, 2nd Monday, 
7:30 Billings PetroleumClub 


Jackson Geophysical Society 
Chartered May 12, 1955 
Ralph C. Cole, pres. 
MacGregor, v-pres. 
obert L. Nelson, secty-treas. Pan 
American Petroleum Corporation, 
P.O. Box 689, Jackson, Mississip 
Meetings: Monthly, during 3rd w 
5:30P.M., refreshments, 6: 30 
($2 Roof Garden 
bert E. Lee Hotel, Jackson, 


Four Corners Geophysical Society 


Canoes June 19, 1958 
R. P. Thomas, pres. 
. W. Rogers, v-pres. 
. Frank Hinson, iveas. 
John P. Badami, secty. Box 1121, 
Durango, Colorado 


Southwest Louisiana Geophysical 


tered 
Chartered January 4, 1956 
Lawrence N. Ott, pres. 
Neal Clayton, Ist 0-pres. 
G. E. Tilley, 2nd v-pres. 
James M. Moore, secty. Skelly Oil 
Company, Lafayette, Louisiana 
Meetings: to be announced 


Utah Geophysical Society 
Chartered October 29, 1956 
R. J. Lacy, pres. 
L. D. Oster, /st 0-pres. 
G. R. Harris, 2nd 0-pres. 
pe Latimer, secty-treas. Shell Oil 
Company, 33 Richards Street, 
Salt Lake City, Utah 


Dakota Geophysical Society 
To be chartered 

W. Phillips. pres. 

Hugh McCain, /st 

Quin Hayes, 2nd v- 

R. R. Phair, secty. Gonies Powder 
Company, Box 452, Bismarck, 
North Dakota 

Meetings: Monthly, 1st Friday, 7:30 
P.M., Petroleum Club, Prince 
Hotel, Bismarck, North Dakota 


New Mexico Geophysical Society 
Chartered September 18, 1957 

W. B. Scaife, pres. 

J. A. Hall, Jr., 1st 0-pres. 

R. A. Nixon, 2nd v-pres. 

E. J. Medley, secty-treas. Magnolia 
Petroleum Company, 714 Ros- 
well Petroleum Building, Roswell, 
New Mexico 


Geophysical Society of Edmonton 
Ray F. Keller, pres. 
= Sheldon Gibson, »- pres. 
D. Jacques, secty.-ireas. Mobil 
Ron of Canada, Ltd., Financial 
Building, Edmonton, Alberta, 
Canada 


STUDENT SOCIETIES 
AFFILIATED 
Colorado School of Mines Society of 
Joseph secty. Depart- 
ment of Geophysics, Colorado 
School of Mines, Golden, Colo- 


Median: Monthly, 2nd Monday, 
4:00 P.m. 


Society of Saint Louis 


Norman Guinzy, secty. 410 
Vandalia, Collinsville, Illinois 

Meetings: Monthly, 2nd Wednesday 
7:30 P.M., meeting only, Institute 
of Technol logy 


SEG Houston Student Section 
Reed B. Kubena, secty. Seomge Lynn- 
view, Houston 24, 
Meetings: to be 
Toronto Geophysical 


John E. Hogg, secty. 49 
Street, Toronto 5, Onta: 


rsday, 4:00 P.m., 
George Street 


49 St. 


h Hayes, secty. Department of 
physics, 600 South College, 
Tulsa, Oklahoma 
Meetings: Weekly, Thursday, 4:00 
P.M., Petroleum Science Bldg. 


Trans-Pecos Student Section 


John T. Sample, Jr., secty. Box 56, 
Texas Western College, El Psao, 


‘exas 
Meetings: to be announced 


Pennsylvania State University Geo- 
physical Society 
Wm. R. secty, College of 


Park, P. 
Meetings: ra be announced 


ndustries, University 


University pi Ag Utah Geophysical 


Pi D. Morgan, secty. College 
of Mines and 
Salt Lake wee AQ 

Meetings: Mon ly, oy "Thursday, 

oon, Mines Building. 
special meetings to be oe 


A & M College of Texas Student 
Geophysical Society 


Edward C. Hanson III, secty. Geol- 
ogy and geophysics dept., A&M 
College of Texas, College Station, 
Texas 
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SOCIETY ROUND TABLE 


SOCIETY AFFILIATIONS 


American Association for the Advancement of 
Science 


SEG is affiliated under Section E, Geology and 
Geography 
1515 Massachusetts Avenue 
Washington 5, D. C. 
Paul E. Klopsteg, President 
Paul A. Scherer, Treasurer 
Dael Wolfle, Executive Officer 


The American Association of Petroleum Geol- 
ogists 

A Cooperative relationship 

Box 979 

Tulsa 1, Oklahoma 
L. G. Weeks, President 
A. H. Bell, Vice-President 
H. T. Morley, Secretary-Treasurer 
G. E. Murray, Editor 
G. S. Buchanan, Past President 
R. H. Dott, Executive Director 


American Geological Institute 
SEG ts a charter member society 


2101 Constitution Ave., N.W. 
Washington 25, D. C. 
Paul L. Lyons, President 
W. W. Rubey, Vice-President 
J. V. Howell, Past President 
Donald H. Dow, Secretary-Treasurer 
R. C. Stephenson, Executive Director 


European Association of Exploration 
physicists 


Mutually affiliated 
30, Carel Van Bylandtlaan 
The Hague, Netherlands 
J. M. Bruckshaw, President 
V. Baranov, Vice-President 
B. Baars, Secretary-Treasurer 
O. Koefoed, Editor 
L. Solaini, Past President 


National Research Council, Division of Earth 
Sciences 


SEG is a member society 
2101 Constitution Ave., N.W. 
Washington 25, D. C. 
John N. Adkins, Chairman 
Harry H. Hess, Past Chairman 
Edward B. Espenshade, Jr., Chairman-Desig- 
nate 
William R. Thurston, Executive Secretary 


Petroleum Exploration Society of Libya 


Mutually A filiated 

P. O. Box 900 

Tripoli, Libya 
Donald M. West, President 
J. Allen Sawyer, Vice-President 
Jacques Canaple, Vice-President 
Daniel E. Hamilton, Secretary 
Alex Stoupnitsky, Treasurer 
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MEMBERSHIP APPLICATIONS RECEIVED 


Applications for active membership have been received from the following candidates. This 
publication does not constitute an election but places the names before the membership at large, in 
accordance with Bylaws, Article III, Section 4. References are listed in parentheses following the 
names of each candidate. If any member has information bearing on the qualifications of these candi- 
dates he should send it to the president within thirty days. 


APPLICATIONS FOR ACTIVE MEMBERSHIP 


Edward W. Barton (D. H. Gardner, Frank Feagin, Frank Chalmers, Tobias Flatow) 

Bob G. Belknap (R. A. Baile, H. E. Itten, C. H. Thurber, F. G. Horino) 

V. H. Benavides (Oscar Schneider, Fernando Floyd, R. A. Portugal) 

R. G. Bertagne (Holland McGarver, William H. Laidlaw, Erle W. Gilbert) 

Kenneth H. Carter (S. E. Guilio, J. D. Skelton, Wm. A. Sorge, R. A. Wise) 

Tommy L. Cate (B. B. Littlefield, Clark Allen, T. P. Ellsworth, R. W. Carter) 

Len N. Courcier (D. D. Goddard, S. K. Steenbergh, T. P. Ellsworth) 

Harold S. Field (W. T. Born, J. E. Owen, C. E. Day, James C. Harper) 

L. V. Hawkins (K. Vale, E. J. Polak, R. F. Thyer, E. R. Smith) 

Richard E. Parma (Neal Clayton, W. L. Hurt, R. B. Harwell, G. E. Tilley) 

Bernard C. Rylander (Joseph Keselik, A. J. Barthelmes, J. A. Keeling, N. K. Moody) 
Robert D. Scott (R. D. DeJournette, Howard Dingman, W. T. Buckington, John White) 
M. R. Stewart (G. E. Tilley, Neal Clayton, R. B. Harwell, W. L. Hurt) 

Richard J. Stewart (Paul D. Balbin, Frank Ellsworth, Charles W. Nicholls, Lynn D. Ervin) 
Don L. Swayer (P. D. Balbin, Joseph Keselik, A. J. Barthelmes, J. A. Keeling) 

Vernon W. Whitaker (H. K. Richardson, R. K. Hodgson, J. D. Novotny, J. L. Mataya) 


APPLICATIONS FOR TRANSFER TO ACTIVE MEMBERSHIP 


Kennis W. Gilbert (M. B. Widess, H. K. Richardson, R. K. Hodgson) 

Ian K. Mackay (R. R. Kitch, F. M. Johnson, L. R. Cook, L. H. Boyd) 

Cecil T. Phillips (W. H. Dawson, Francis H. Cady, James P. Duncan, Walter E. Martin) 
J. R. Pullen (E. L. Erickson, D. E. Fickinger, J. Setters, E. G. Miller) 

G. L. Scott (Norman Ruback, Bernard G. Hubner, Jr., Roy Floyd, T. Y. Chang) 

G. D. Squire (J. R. Heggblom, A. J. Lawson, A. G. Nance, J. S. Gilstrap) 

George E. Tarbox (Robert L. Nelson, M. B. Widess, John C. Hollister, Kennis W. Gilbert) 
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NOMINEES FOR THE 1959-1960 EXECUTIVE COMMITTEE 


The following biographical sketches are presented to acquaint members of the Society with 
nominees appearing on the official ballot which will be mailed to all active members in good standing 
in June. Bylaws Article VII, Section 4, provides that “Prior to June 1, nominations in writing, signed 
by at least twenty honorary members or active members in good standing and accompanied by the 
written consent of the candidate, may be submitted to the President.” 


T. O. HAL, candidate for President; was graduated 
from Southern Methodist University in 1927 with a B.S. 
degree in mathematics and physics. Upon graduation, he 
worked with the late Dr. Robert S. Hyer, President 
Emeritus of S.M.U. doing electrical prospecting work in 
South and West Texas. 
In 1930, he was employed by the Roxanna Petroleum 
Corporation as an Assistant Gravity Party Chief on a Tor- 
sion Balance Crew. In 1931, he returned to Southern 
Methodist University as an Instructor in Mathematics, at 
the same doing graduate work in mathematics and physics. 
He joined the Shell Petroleum Corporation, successor to 
the Roxanna, in 1933 as a Seismologist, working in Louisi- 
ana, Texas, and New Mexico. In 1938, he was employed 
by the General Geophysical Company as a party chief, 
promoted to Supervisor in 1940, and moved to Ohio where 
he looked after crews in Ohio, Pennsylvania, Indiana, and T. O. Hau 
Illinois, later moving to Oklahoma. He moved to Houston 
in 1942, and in 1945 he became Vice-President; in 1953 he was made President of General Geophysical 
Company whose headquarters are in Houston, Texas. 


A member of AAPG and SEG, Mr. Hall is the co-author of a paper selected for publication in 
Gropuysics. He has served as President of the Geophysical Society of Houston, and he is a member of 
the European Association of Exploration Geophysicists and the Houston Geological Society. Mr. 
Hall currently is Chairman of the Funds Solicitation Committee of the SEG Foundation and was 
formerly Chairman of the Permanent Housing Committee. 


Wiis W. Harpy, candidate for President, studied 
geology at the University of Chicago, completing his aca- 
demic work in 1925. 

In fall of 1925 he was employed as Torsion Balance Ob- 
server with Humphries Corporation and was quickly pro- 
moted to Party Chief. He joined the Humble Oil and 
Company in 1926 as Magnetometer Operator and in early 
1927 went to Venezuela for the Standard Oil Company of 
Venezuela. He later conducted surveys in Trinidad and 
Colombia for other Standard Oil of New Jersey affiliates 
until 1931. After a short period as an independent gravity 
contractor and independent operator, he rejoined Humble 
and received training in seismic operations and specialized 
in seismic interpretation. 

In 1938 he joined Socony Mobil Oil Company, Inc. 
(then named Socony Vacuum Oil Company), and organized 
and directed its foreign geophysical program. In this posi- 
tion he was active in assisting to introduce radioactive 
logging to the petroleum industry, having served as Advisor and Director of Well Surveys, Inc. He 
served as Chief Geophysicist until 1950 when he was made Assistant Manager of Exploration, which 
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position he now holds. He serves on the Exploration Research Advisory Committee and is Chairman 
of the Producing Department Scholarship-Fellowship Committee. 

Mr. Hardy has been a member of SEG since 1938 and is also a member of the Eastern Section 
of AAPG, the American Geophysical Union, and the American Petroleum Institute. 

He served on the Geophysical Activities Committee of SEG for several years, being responsible 
for reporting on Eastern Hemisphere operations. He was elected Representative-at-Large of the 
Society and served on the Constitution and Bylaws Committee. 


W. BERNARD ROBINSON, candidate for First Vice-Presi- 
dent, received the degree of B.S. in E.E. from the Univer- 
sity of Nebraska in 1930. From 1930 to 1933, he was em- 
ployed by the Westinghouse Electric and Manufacturing 
Company in Pittsburgh, Pennsylvania. From 1933 through 
1937, he did seismograph interpretation on various Gulf 
crews in the U. S. Midcontinent region and in Venezuela. 
In 1938, he returned to Gulf Research and Development 
Company laboratories in Harmarville, Pennsylvania, to do 
seismic interpretation and supervision. From 1952 to the 
present time, he has been in Tulsa and Oklahoma City as 
geophysical supervisor for Gulf’s Tulsa Division. 

While in Pittsburgh, Mr. Robinson assisted in the or- 
ganization of the Pittsburgh Geological Society and served 
a term in each office of the Society, being President in 1951. 
Since moving to Oklahoma City in 1955, he has been active 
in the local Geophysical Society, serving as President in 
1957-1958. He is currently a district Representative of 
SEG and a member of AAPG. 


W. BERNARD ROBINSON 


FRANK SEARCY, candidate for First Vice-President, re- 
ceived his B.S. degree from Oklahoma A. and M. College 
in 1931. His geophysical experience began in 1927 when, 
after two years of college, he was employed as Rodman ona 
Torsion Balance Crew by Marland Oil Company. He was 
Operator on a Magnetometer Crew when the Marland- 
Continental merger took place in 1928. 
In 1929 he went back to school and after graduation 
in 1931 returned to Continental as Radio Operator on a 
Seismograph Crew. Since 1932 he has served as Develop- 
ment Engineer, Development Geophysicist, and Super- 
intendent of Equipment Division. In 1953 he became 
Assistant Manager of Continental’s geophysical section 
and is currently holding that position. In these assignments 
he has supervised the development and operation of field 
equipment and office play-back equipment. He has also 
acted as geophysical consultant to Continental’s subsidiary Feanx SEARCY 
companies engaged in foreign operations. 
Mr. Searcy has been a member of the SEG since 1937 and was a member of the Society’s Safety 
Committee for several years. He has served the Geophysical Society of Tulsa as Vice-President, 
President, and is currently District Representative to the SEG. 
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GeorGE J. BLuNpUN, a Canadian by birth, is a candi- 
date for Vice-President. He received the degree of B.S. in 
mathematics and physics from the University of Saskatch- 
ewan in 1938. After having taught school for nine years, 
he joined the Royal Canadian Air Force in 1940, and served 
as Air Navigation Instructor and Staff Officer for nearly 
five years. Upon discharge he joined a seismic party at 
Pincher Creek, Alberta, as Computer, Interpreter, and then 
Party Chief for the Gulf Research and Development Com- 
pany. In September, 1948, he became Chief Geophysicist 
for Northwest Seismic Surveys Ltd. in Calgary, Alberta. 
In March, 1953, he became Chief Geophysicist for Home 
Oil Company in Calgary, which position he still holds. 

His general background is fourteen years of reflection 
seismic work in the Canadian plains, together with refrac- 
tion seismic work in the Alberta foothills. 

Mr. Blundun served as President of the Canadian Soci- 
ety of Exploration Geophysicists in 1957, is a member of 
SEG, and the Canadian Institute of Mining and Metallurgy. 


GEORGE J. BLUNDUN 


DEAN WALLING, candidate for Vice-President, was 
born in Dayton, New Mexico, on September 13, 1907. At 
an early age he moved to Amarillo, Texas, where he re- 
ceived his primary and high school education. He subse- 
quently attended Abilene Christian College where he 
received the degree of B.A. with honors in mathematics. 

Mr. Walling’s early seismic experience included ex- 
tended terms of operations in Texas, Oklahoma, Missis- 
sippi, and California, beginning in 1929. Since 1953, Mr. 
Walling has been associated with the Western Geophysical 
Company of which he is now the President. Since 1950, he 
has co-ordinated and handled the affairs of the Co-opera- 
tive Well Velocity Surveying Group, serving officially as 
its Secretary-Treasurer. 

Mr. Walling has been a member of SEG since 1934 
and is a charter member of its Pacific Coast Section, for 
which he was the first District Representative. During 
his years of membership in SEG, Mr. Walling served on 
the Safety, Radio Frequency, Convention, and other Committees and Subcommittees. More recently, 
during 1957-1958, he was the President of the Pacific Coast Section. 


DEAN WALLING 
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Pur P. Gasy, a candidate for Secretary-Treasurer, is 

a partner in the Delta Exploration Company, and Execu- 

tive Vice-President of Delta Exploration Company, Inc., 

and of Delta-Western Exploration Co., Inc. He received 

his B.S. degree from Southern Methodist University in 

1931. After one year’s work with Geophysical Service 

Incorporated, he returned to the University of Texas, 

completing his Master’s degree in 1933. Following this 

graduate work, he returned to Geophysical Service as 

Computer during 1933 to 1935, Party Chief from 1936 to 

1941. He was appointed Supervisor and Pacific Coast Man- 

ager for G.S.I. in 1941, retaining this position until 1946. 

In 1946, he joined the Standard Oil Company of Cali- 

fornia as Consulting Geophysicist for the parent and sub- 

3 sidiary companies. Coincident with the organization of a 

new branch of the California Research Corporation (sub- 

sidiary of Standard Oil of California) he was appointed a 

member of the Exploration and Producing Research Com- 

mittee, and Chairman of the Exploration Research Subcommittee. He served as Consultant for the 
California Research Corporation. 

In 1951, he became a partner in the Delta Exploration Company which relationship has been 
maintained to the present time. 

Mr. Gaby has served as President of the Jackson Geophysical Society and District Representa- 
tive. For more than 20 years he has been a member of AAPG and SEG, having written several papers 
for publication by SEG and having read papers to this group which were not subsequently published. 
The best known of Mr. Gaby’s publications is “Grading System for Seismic Reflections and Correla- 
tions” which has been privately reprinted on several occasions. He is a member of Rotary Inter- 
national. 


Puit P. Gasy 


Jackson S. Youne, a candidate for Secretary-Treas- 
urer, was born in Urbana, Illinois, where he graduated from 
the University of Illinois with the degrees of B.S. in geology 
in 1927 and M.S. in geology in 1929. He worked as Geologi- 
cal and Geophysical Assistant for the Illinois Geological 
Survey, Oil and Gas Section, in 1927 and 1929, and was 
Assistant Geologist with the Empire Gas and Fuel Com- 
pany in 1928. Mr. Young was employed in the geological 
department of a predecessor of the Union Producing Com- 
pany in 1929, and he has been engaged in this company’s 
geological and geophysical work in the Gulf Coast area since 
that date. He moved from Houston to Shreveport in 1940 
and took over the supervision of the geophysical operations 
of the Union Producing Company in 1941, becoming the 
Manager of the newly created geophysical department in 
1951. 

Mr. Young has been an active member of AAPG for Jackson S. Younc 
many years, and he holds active membership in SEG and 
the European Association of Exploration Geophysicists. He is a member of the Shreveport Geological 
Soceity and of the Ark-La-Tex Geophysical Society, in which he has been active in several capacities, 
serving as District Representative in 1957 and 1958. He was a member of the Program Committee for 
the 1957 meeting of SEG. 
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NELSON C. STEENLAND, candidate for Editor, received 
his A.B. degree in 1942 from Washington and Lee Uni- 
versity, his M.S. and Ph.D. from Columbia University in 
1948 and 1949. 

He left Washington and Lee to participate in the war 
effort and was an Engineer for the Bureau of Ships of the 
Naval Department during World War II. His duties as a 
Field Engineer were concerned with magnetic methods and 
underwater sound techniques. 

He was employed by the Gravity Meter Exploration 
Company in June 1949 and became a partner of that com- 
pany in February, 1952. The Gravity Meter Exploration 
Company and Geophysical Associates were joined in Febru- 
ary, 1958, under a new parent company, Geophysical As- 
sociates International, and he is now a partner of that com- 
pany. He is currently a Director of Stanrock Uranium 
Mines Ltd. and Stancan Uranium Corporation, having NELSON C. STEENLAND 
directed their exploration program. 

Dr. Steenland is a member of the Geological Society of America, American Geophysical Union, 
Seismological Society of America, American Association of Petroleum Geophysicists, European 
Association of Exploration Geophysicists, Houston Geological Society, Geophysical Society of Hous- 
ton, and SEG. He has served two terms as Reviews Editor of Gropuysics and is currently on the 
Mining Committee of the SEG. He has served as Chairman of the Industrial Membership Committee 
of the American Geophysical Union. 

Dr. Steenland is currently President of the Board of Trustees of the Museum of Natural History 
of Houston and is a member of the Advisory Committee to Lamont Geological Observatory of 
Columbia University. 

Papers published by Dr. Steenland include GSA Memoir No. 47, “Interpretation of Aeromagnetic 
Maps,” co-authored with Vacquier, Henderson, and Zietz; also ‘“Geophysical Investigations in the 
Emerged and Submerged Atlantic Coastal Plain, Part V,’’ GSA Bulletin, Vol. 61, co-authored with 
Ewing, Worzel, and Press; and “Gravity and Magnetic Investigation of the Structure of the Cortlandt 
Complex. New York,” GSA Bulletin, Vol. 63, co-authored with Woollard. In addition, he has pre- 
sented papers on aeromagnetic interpretation at the SEG-AAPG Joint Meeting in Houston in 1953, 
and the SEG National Meetings in 1955 and 1958. During May, 1958, he addressed the European 
Association of Exploration Geophysicists on aeromagnetic interpretation at its annual meeting in The 
Hague. In the field of mining geophysics, he has presented a paper with Dr. David S. Robertson 
before the AIME in New Orleans in 1956 on “The Origin of the Blind River Conglomerates,” a 
paper currently being prepared for publication; and he presented a paper, co-authored with Schroll, 
at the recent SEG meeting in San Antonio on “A Gravity Survey of the Mesquital Sulphur Deposit.” 

Dr. Steenland is married to the former Isabel Kyle Orr, and they have two children: Margot, age 


16, and Kyle, age 12. 
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Epcar J. STULKEN, candidate for Editor, graduated 
from Blinn Junior College in Brenham, Texas, in 1931, 
winning membership in Phi Theta Kappa, a national 
honorary scholastic society. He received his B.A. degree 
with honors in physics in 1934 and his M.A. degree in 
mathematics in 1935 from the University of Texas. While 
a student he served as an Assistant at the University and 
taught mathematics at Texas Wesleyan College, which was 
then in Austin. 

In 1935 Mr. Stulken joined Geophysical Service Inc. 
He has been affiliated with this company continuously 
except for a period from 1940 to 1942 when he taught 
mathematics and physics at Allen Military Academy in 
Bryan, Texas. With G.S.I. he has held various positions 
and is at present Chief Seismologist. Mr. Stulken supervises 
an extensive company correspondence training program 
and has prepared a number of technical reports. Several 
of his papers and articles have been published in GEopnys- 
ics, in the Boletin de la Asociacion Mexicana de Geologos Petroleros and in Geophysical Prospecting. 

Mr. Stulken has refereed a number of papers submitted to SEG for publication and serves at 
present as an Associate Editor of Groprysics. 

At present he is an associate member in the AAPG and is an active member in SEG, the Euro- 
pean Association of Exploration Geophysicists, the Geological Society of America, the Dallas Geo- 
physical Society, and the Dallas Geological Society. Past affiliations include Phi Delta Kappa, a 
national honorary education fraternity, and the Mathematical Association of America. 


EpcGar J. STULKEN 
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ANNOUNCEMENTS 
NEW PUBLICATION POLICY FOR AGU JOURNAL 


The American Geophysical Union has recently announced that the rapid growth of basic geo- 
physical research in the United States has required a re-evaluation of the policies for the scientific 
publications of the AGU and the Department of Terrestrial Magnetism of the Carnegie Institution 
of Washington. The recent expansion in research activities brought about by the International Geo- 
physical Year has increased the urgency of providing an adequate outlet for the scientific papers in 
geophysics. To meet this challenge an expanded Journal of Geophysical Research has been announced 
for monthly publication, beginning with the January, 1959, issue (Vol. 64, No. 1). 

The journal will include all fields of geophysics; and it is anticipated that a better balance of 
papers in all fields will be attained by combining the scientific material formerly published in the 
AGU Transactions with that traditionally published in the Journal of Geophysical Research. 


NEW AGI PUBLICATION 


Effective with the December, 1958, issue, the Council of the Geological Society of America de- 
cided to discontinue the publication of Geological Abstracts. To replace this, the American Geological 
Institute has launched a new monthly journal, GeoScience Abstracts, which is to be different in several 
respects. It is being organized by subject section, and it is working toward the objective of complete 
North American coverage. It will include English translations of Russian abstracts as they become 
available, and it will strive to provide coverage of geologic maps. 


NOTICE TO ALL USERS OF GEOPHYSICAL RADIO ABOVE 25 MEGACYCLES 


Reference is made to the Notice under this same title distributed on August 28, 1958, and published 
on the last page of the SEG Annual Report for 1958, As a result of petitions for reconsideration of 
the Report and Order in Docket 12295 which was effective August 1, 1958, a Second Report and 
Order in this docket was issued December 17, 1958. 

Briefly, as it affects use of geophysical radio, this Second Report and Order relieves users in the 
25, 30, and 33 megacycle bands from compliance with the + 5 kc deviation standard until November 1, 
1963 (instead of February 1, 1959 as originally ordered), barring channel splitting prior to that time. 

We are further advised that 90-day waivers (from February 1, 1959) on compliance with the +5 
ke deviation standard may be obtained subject to no harmful interference for units operating in the 
152 to 162 mc band upon specific request to the Federal Communications Commission. 

B. D. Lee, Chairman 
SEG Radio Facilities Committee 


TECHNICAL SOCIETIES’ REGISTRATION CENTER AT IPE 


SEG visitors to the International Petroleum Exposition, which will be held in Tulsa next May 
14-23, will have a special center in which to register and obtain information about other SEG mem- 
bers in attendance. 

The Engineers’ Club of Tulsa and other technical societies have joined in setting up this registra- 
tion center for engineering, scientific, and other technical visitors to the exposition. It will be located 
in the Petroleum Engineer Publishing Company exhibit at Texas and Mid-Continent Drives, near the 
main entrance of the exposition grounds. 


NEW MEMBER OF SEG HEADQUARTERS STAFF 


Mr. Wiu1am F. Latrine, Jr., has been appointed to the newly created position of Assistant 
Business Manager at the Society’s headquarters. This new addition to the Business Office staff was 
authorized by the Executive Committee at its meeting in Tulsa last January. 

Mr. Latting comes to SEG from the First National Bank and Trust Company of Tulsa. He is 
a native of Tulsa, a graduate in business administration of the University of Tulsa, and he has served 
in Europe in the Corps of Engineers of the U. S. Army. 
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INTERNATIONAL SYMPOSIUM ON STRESS WAVE PROPAGATION IN 
MATERIALS 


An International Symposium on Stress Wave Propagation in Materials will be held at the 
Pennsylvania State University from June 30 to July 3, 1959, and will be sponsored by the office of 
Ordnance Research of the U. S. Army. In addition to American scientists, specialists from England, 
Germany, Israel, India, and the Soviet Union have been invited. The program will include the fields 
of high speed photography of stress waves, pulse propagation experiments, scabbing in plates, theoret- 
ical methods, viscoelastic materials, and related subjects. Joint sessions and events are being planned 
with the Eastern Section of the American Seismological Society which will meet at the University at 
the same time. Further information may be obtained from Professor NoRMAN Davips, Pennsylvania 
State University, University Park, Pennsylvania. 


PERSONAL ITEMS 


Honorary life memberships in local societies have recently been conferred on three distinguished 
members of SEG. At a special meeting held last January at the Jersey Production Research Com- 
pany’s Laboratory in Tulsa, the Geophysical Society of Tulsa made Dr. NorMAN H. RICKER, a former 
Editor (1956-1958) of Gropuysics, its second honorary life member. 

At a special luncheon meeting last December, the Dallas Geological Society awarded this dis- 
tinction to Mr. EucENE McDerwmorrt and, posthumously, to Mr. Henry C. Corres, both Past 
Presidents of SEG. 


Dr. LAWRENCE Y. Faust, the present Editor of Gropuysics, has returned to Tulsa from an 
extended trip to Africa. While in Tripoli, he attended a meeting of the newly affiliated Petroleum 
Exploration Society of Libya and conveyed SEG’s greetings and good wishes; and he relays to SEG 
members anticipating travel in North Africa the Libyan Society’s invitation to read technical papers 
at its meetings. The Libyan group is planning a geological field trip into Tunisia in mid-April. 


Dr. James R. Wait, Consultant to the Director of the Boulder Laboratories of the National 
Bureau of Standards, has been placed in charge of the development and editing of a new scientific 
publication, Part D of the NBS Journal of Research, which will be issued next July as a quarterly 
devoted to research and development in radio propagation, communications, and upper atmosphere 
physics. 


A new international geophysical contracting survey company has recently been formed by two 
Houston firms. The McCollum Exploration Company and the Robert H. Ray Geophysical Companies 
have combined to form McCollum-Ray International, Inc. Mr. Burton McCottovm is the Chairman 
of the Board of Directors, and Mr. Ropert H. Ray is the President of the new company. 


Mr. Joun A. GILLI, President of the National Geophysical Company, Inc., has announcr | the 
firm’s removal to its newly completed plant at 2345 West Mockingbird Lane in Dallas. 


Mr. PETER B. Bike, formerly of the Seaboard Oil Company, has joined the staff of Tulsa’s 
Oil and Gas Journal as its Geophysical Editor. 


Mr. J. FRANK Ro tins has been elected President of Rayflex Explorations, Inc., the foreign 
operating subsidiary of the Rayflex Exploration Company of Dallas. Mr. Rollins will continue in his 
prior positions of Vice-President and Treasurer of the parent company. 


Dr. Witt1AM MansFIELD Abas, formerly of the Geotechnical Corporation, is now a Physicist, 
acting as geological and geophysical advisor on Project Plowshare, at the Lawrence Radiation 
Laboratory of the University of California at Livermore, California. 


Mr. D. H. Scort, formerly Chief Geophysicist for the Hancock Oil Company announces the 
opening of his office in Los Angeles for geophysical consultation. 
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Mr. L. K. Mower, for more than 33 years associated with the Shell Oil Company in the United 
States, the Netherlands, Trinidad, and Venezuela, has retired and is now residing at 5311 Institute 
Lane, Houston 5, Texas. 


Mr. RicHarp H. Benisu and Mr. Gorpon D. CLoeprit have opened up geophysical consulting 
offices in Denver. 


Mr. E. O. Vetter, General Manager of the Industrial Instrumentation Division of Texas In- 
struments Incorporated, was recently elected an Assistant Vice-President of the Company. 


Mr. CLARENCE R. Krampi7z is now the President of Research Explorations International, Inc., 
of Houston, 


Senior SEGuNpo G, Arcupbo, P.O. Box 3294, Cuba California Oil Company, Havana, Cuba, 
wishes to purchase the following issues of Geophysics: Vol. 10 (1945), Nos. 1, 2, & 3; Vol. 11 (1946), 
Nos. 1, 2, 3, & 4; Vol. 12 (1947), Nos. 1, 2, 3, & 4; and Vol. 17 (1952), No. 3. 


Dr. ARTHUR A. BRANT, Newmont Exploration Ltd., Briar Ridge Road, Danbury, Connecticut, 
wants to obtain copies of the following back issues of Geophysics: Vol. 8 (1943), Nos. 1 & 4; Vol. 9 
(1944), No. 1; Vol. 10 (1945), Nos. 1 & 2 (2 copies each); Vol. 12 (1947), No. 1; Vol. 15 (1950), No. 2; 
Vol. 17 (1952), No. 2. 

He has the following issues available for trade or sale: Vol. 13 (1948), Nos. 1, 2, & 3; Vol. 14 
(1949), Nos. 3 & 4; Vol. 19 (1954), Nos. 1 & 3; Vol. 20 (1955), Nos. 3 & 4. 


Vice-President W. M. Erpaut and President E. V. McCottum, standing left to right, made a 
visit recently to the Canadian Society of Exploration Geophysicists at Calgary. They are shown here 
with the newly elected Executive Committee of the Canadian SEG. Seated, left to right, are Mr. 
P. J. Savage, Secretary-Treasurer; Mr. H. J. Kipper, President; and Dr. Mitton B. Dosrtn, Vice- 
President. 
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CALENDAR OF MEETINGS 


1959 
April 
27-28 12th Annual Midwestern Exploration Meeting, Hotel Cortez, E] Paso, Texas (Decker L. 
Dawson, General Chairman, Dawson Geophysical Company, Midland, Texas) 
27-29 National Academy of Sciences, Annual Meeting, Washington, D. C. 
30- 2 American Physical Society, Annual Meeting, Washington, D. C. (K. K. Darrow, Columbia 
University, New York 27, New York) 


May 
4—~ 7 American Geophysical Union, Annual Meeting, Washington, D. C. 


June 
29- 2 Seismological Society of America, Eastern Section, Annual Meeting, Pennsylvania State 
University, University Park, Pennsylvania 


September 
12 International Oceanographic Congress, New York, New York 


October 
4- 7 Society of Petroleum Engineers of AIME, Fall Meeting, Dallas 
28-30 American Association of Petroleum Geologists, Mid-Continent Regional Meeting, Broad- 
view Hotel, Wichita, Kansas 


November 
9-12 Society of Exploration Geophysicists, 29th Annual International Meeting, Biltmore Hotel, 
Los Angeles (Flint H. Agee, General Chairman, United Geophysical Corporation, 1200 
South Marengo Avenue, Pasadena 15, California) 


1960 
April 
25-28 American Association of Petroleum Geologists—Society of Economic Paleontologists and 
Mineralogists, Annual Meeting, Atlantic City, New Jersey 


November 
7-10 Society of Exploration Geophysicists, 30th Annual International Meeting, Moody Conven- 
tion Center, Galveston (Walter B. Lee, Jr., General Chairman, Gulf Oil Corporation, 
Drawer 2100, Houston 1, Texas) 


1961 
November 
5- 9 Society of Exploration Geophysicists, 31st Annual International Meeting, Denver (Colin 
C. Campbell, Box 1536, Tulsa 1, Oklahoma) 


1962 
September 
17-20 Society of Exploration Geophysicists, 32nd Annual International Meeting, Calgary, 
Alberta (Colin C. Campbell, Box 1536, Tulsa 1, Oklahoma) 
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PROFESSIONAL DIRECTORY 


ARIZONA 


ARIZONA 
HEINRICHS GEOEXPLORATION CO. JOSHUA L. SOSKE 
Mining Oil & Water Consultants & Contractors Geologist and Geophysicist 
Geophysics Geology & Geochemistry ‘ 
Examination-Interpretation-Evaluation Dept. of Geophysics 
MOBILE MAGNETOMETER SURVEYS SCHOOL OF MINERAL SCIENCES 
Stantord University 
STANFORD, CALIFORNIA 


Walter E. Heinrichs, Jr. 
P.O. Box 5671 Tucson, Ariz. Phone: MAin 2-4202 
CALIFORNIA 


CALIFORNIA 
ELLIOTT SWEET 


H. WAYNE HOYLMAN 
Consultant Gravity Meter Surveys 
Gravity and Seismic Interpretation 
SWEET GEOPHYSICAL CO. 


Petroleum and Mining Exploration 
816 W. Sth 21544 Rambla Vista Drive 
MALIBU, CALIFORNIA 


Aerogeophysics Company 
MAdison 8-6428 Los Angeles 17, Calif. 


Geo. SHUMWAY 
GEOLOGICAL DIVING 
CONSULTANTS, INC. 


L. F. IVANHOE 
Underwater studies of bedrock 


Consulting Geologist and Geophysicist 
and sediments 
San Diego 6, California 


Domestic and Foreign Exploration 
2810 Elmwood Avenue 
P.O. Box 6571 


Phone: FA 50283 
CABLE: IVANHOE BAKERSFIELD, CALIFORNIA 
COLORADO 
Wes Morgan 


Milt Collum 
CURTIS H. JOHNSON PETROLEUM GEOPHYSICAL 
Geophysical Consultant COMPANY 
Domestic & Foreign Contract Seismograph Crews 
Seismic Review and Interpretations 
816 WEST STH STREET, LOS ANGELES 17, CALIFORNIA Rocky Mountain Area 
KEystone 4-0253 
2011 Glenarm Denver 5, Colorado 


Phone: MAdison 6-0020 
LOUISIANA 


WILLIAM CROWE KELLOGG 
CARL L. BRYAN 


Geological Engineer 
Kellogg Exploration Company 
Geologists — Geophysicists Consulting Geophysicist-Geologist 
726 Johnson Bldg. Telephone 
5-1924 


Electrical — Magnetic — Gravity — Radioactivity 
ir-G Interpretation 
SHREVEPORT, LA. 


Air-Ground Surveys 
3301 NORTH MARENGO ALTADENA, CALIFORNIA 


MISSISSIPPI 


HENRY SALVATORI 
Western Geophysical Company 
of America EWIN D. GABY 
1115 Pacific Mutual Bldg. Delta Exploration Company 
Jackson 


523 W. 6th Street 
LOS ANGELES 14, CALIFORNIA 


Mississippi 
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MISSOURI 


OKLAHOMA 


LeRoy SCHARON 
Mining and Engineering Geophysics 


567 Brookhaven Court 
Kirkwood 22 


Phone 
St. Louis, Missouri YOrktown 6-4245 


TOM D. MAYES 
Mayes-Bevan Co. 


Gravity Meter Surveys 
and Interpretations 
345 Kennedy Building 
TULSA, OKLAHOMA 


NEW YORK 


ROLAND F. BEERS 
ROLAND F. BEERS, INC. 
Petroleum and Minerals Exploration Consultants 
Ground and Airborne Surveys 
Data Reduction and Analysis 
P.O. Box 1019 Troy, New York 
AShley 2-6478; 2-2351 


OKLAHOMA 


E. V. MCCOLLUM 
Geophysicist 


E. V. McCollum & Co. 
Namco, International 
515 Thompson Building 
TULSA, OKLAHOMA 


Geo Seis, Inc. 


THOMAS J. BEVAN 
Geophysicist 


914 American Airlines Bldg. Phone CHerry 2-7508 
TULSA 3, OKLAHOMA 


ARNOLD H. BLEYBERG 
Petroleum Exploration Consultant 
Domestic & Foreign Services 


MID-AMERICA BANK BLDG. 


OKLAHOMA CITY 2, OKLA, PH.: CENTRAL 2-0913 


GLENN M. McGUCKIN 
Seismograph Consultant 
Data Interpretation Current Supervision 
SALES: McGUCKIN (Patented) SEISMOGRAPH 
SECTION PLOTTER (DIP MIGRATOR) 
23 Years Experience: 
Supervising, Contracting, Consulting 
Phone JEfferson 4-0853 1304 Ann Arbor 
NORMAN, OKLA. 


RICHARD A. POHLY 
Gravity Surveys and Re-interpretation 
POHLY EXPLORATION COMPANY 


1135 E. 38th St. Riverside 2-2009 
TULSA 5, OKLAHOMA 


OPIE DIMMICK 


Century Geophysical Corp. 


Tulsa, Oklahoma Phone 5-7111 


R. W. DUDLEY 
Oil Exploration Consultant 
Geologist Geophysicist 


608 First National Bldg. Telephone FOrest 5-5255 
OKLAHOMA CITY 2, OKLAHOMA 


BEN F. RUMMERFIELD 
Geologist and Geophysicist 


CENTURY GEOPHYSICAL CORPORATION 
503 Jenkins Building 1105 7th Ave., W. 
Tulsa 3, Oklahoma Calgary, Alberta 


JOHN J. RUPNIK 
RUPNIK AND BALLOU 
Petroleum Exploration Consultants 
GEOPHYSICAL & GEOLOGICAL COORDINATION 


501 MIDSTATE BLDG., TULAS 3, OKLAHOMA 
LUther 7-2435 


CRAIG FERRIS 
Geophysicist 
E. V. McCollum & Co. 
Namco, International 


515 Thompson Bldg. 
TULSA 3, OKLA 


GeoSeis, Inc. 


HUGH M. THRALLS 
Consulting Geophysicist 


Glbson 7-3921 
TULSA, OKLAHOMA 


Box 9577 
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TEXAS 


TEXAS 


JOHN F. ANDERSON 
ANDERSON & COOKE 
Oil Exploration Consultants 


_ Geological Consulting 
Seismic Surveys & Interpretations 
665 San Jacinto Bldg. Houston 2, Texas 


WALTER D. BAIRD 
Consulting Geophysicist 


NEIL P, ANDERSON BUILDING 
PHONE EDISON 6-8400 FORT WORTH 2, TEXAS 


R. H. DANA 
Dana Explorations, Inc. 


1301 W. T. Waggoner Bldg. 
Fort Worth, Texas 


KEITH R. BEEMAN 
Electronic Consultant 
Seismograph and Allied Equipment 


P.O. Box 13058 
Houston, Texas 


PAUL FARREN 
Geophysical Consultant 
Specializing in Seismic Interpretation, 
Review, and Supervision 


1528 Bank of the Southwest 
Houston 2, TEXAS FA 3-1356 


L. F. FISCHER 
Exploration Consultant 


Geophysicist 
Geologist 


624 First City Bank Bldg. Houston 2, Texas 


JOHN L. BIBLE 
Gravity-Magnetic-Surveys-Interpretations 


Bible Geophysical Co., Inc. 
1045 Esperson Bldg. Houston 2, Texas 


J. F. FREEL 
RESEARCH EXPLORATIONS, INC. 


5134 Westheimer Road 


Houston, Texas 


HART BROWN 
Brown Geophysical Company 


Gravity-Meter-Surveys 
Interpretations 


5300 Brownway Rd. Houston 19, Texas 


JOHN A. GILLIN 
National Geophysical Company 
8800 Lemmon Avenue 
Dallas 9, Texas 


T. I. HARKINS 
Independent Exploration Company 


1973 West Gray 
P.O. Box 13237 
Houston 19, Texas 


R. A. CRAIN 


Texas Seismograph Company 


1502 Eighth St. 
WICHITA FALLS, TEXAS 


J. G. HARRELL 


Mid-Continent Geophysical Co. 
Contract Seismograph Crews 
Seismic-Reinterpretations 


2509 West Berry Fort Worth, Texas 
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TEXAS 


TEXAS 


J. O. HOARD 


HOARD EXPLORATION 
COMPANY 


Esperson Building Houston, Texas 


C. T. MacALLISTER 
Geophysical Consultant 
Seismic Interpretations and Field Supervision 


6327 Vanderbilt, 
Houston 5, Texas 


Telephone: 
MA 3-4181 


W. B. HOGG 
Geophysical Consultant 


619 Fidelity Union Life Bldg. 
DALLAS 1, TEXAS 


JOHN S. IVY 
Niels Esperson Building 


HOUSTON, TEXAS 


HAYDON W. McDONNOLD 
Geologist & Geophysicist 
Keystone Exploration Company 


2813 Westheimer Road 
HOUSTON, TEXAS 


A. E. “SANDY” McKAY 
Geologist and Geophysicist 
Continental Geophysical Company 
Namco International, Inc. 


FORT WORTH, TEXAS 
1409 Continental Life Bldg., Phone EDison 2-9231 


J. C. KARCHER 
Geophysicist 


Adolphus Tower 
DALLAS, TEXAS 


GEORGE D. MITCHELL, JR. 
Geologist and Geophysicist 


911 Mercantile Securities Bldg. Dallas, Texas 


MARTIN C. KELSEY 
Rayflex Exploration Company 


6923 Snider Plaza Dallas 5, Texas 


P. E. NARVARTE 


Consulting Geophysicist 


Seismic Interpretations 
Current Supervision and Review 


Frost National Bank Building 
San Antonio, Texas 


H. KLAUS 
Geologist and Geophysicist 
Klaus Exploration Company 


Gravimetric and Magnetic Surveys 
and Interpretations 


P.O. Box 1617 Lubbock, Texas 


PAUL H. LEDYARD 
Mid-Continent Geophysical Co. 
Contract Seismograph Crews 


Seismic-Reinterpretations 
2509 West Berry Fort Worth, Texas 


L. L. NETTLETON 


Gravity Meter Exploration Co. 
Interpretation of Gravity Surveys 
Interpretation of Aeromagnetic Surveys 


3621 W. Alabama 
HOUSTON 27, TEXAS 


W. W. (IKE) NEWTON 
Geophysicist 
823 Corrigan Tower 


DALLAS, TEXAS 
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TEXAS 


TEXAS 


J. O. PARR, JR. 
Consulting Geophysicist 
Methods & Instrumentation 

for 
Seismic & Radiometric Surveys 


202 Janis Rae 


San Antonio, Tex. 


RAYMOND L. SARGENT 


Magnetometer Surveys 
Interpretations 


M & M Bldg. 
HOUSTON 2, TEXAS 


C. W. PAYNE 
Exploration Consultant 
Geology—Geophysics 


812 Continental Life Bldg. 
FORT WORTH 


SIDNEY SCHAFER AND COMPANY 
Geophysicists and Geologists 


EXPLORATION CONSULTANTS 
Domestic and Foreign 


Sidney Schafer 2200 Welch Avenue 
Jack C. Weyand Houston 19, Texas 


H. B. PEACOCK 
Consulting Geophysicist 


8400 Westchester 
DALLAS 25, TEXAS 


J. C. POLLARD 
GEOPHYSICAL ENGINEERING 
e 


SEISMIC . . . GRAVITY .. . MAGNETIC 
SURVEYS 


e 
2500 Bolsover Rd., P.O. Box 6557, Houston 5, Tex. 


HUBERT L. SCHIFLETT 
States Exploration Company 
Seismic, Gravity and Magnetic Surveys 


Highway 75 North 
SHERMAN, TEXAS 


5313 Richmond Road 
HOUSTON, TEXAS 


H. B. SMYRL 
Portable Seismograph, Inc. 


706 Frost National Bank Bldg. 
San Antonio 5, Texas 


ROBERT H. RAY 
GEOPHYSICAL ENGINEERING 


SEISMIC . . . GRAVITY .. . MAGNETIC 
SURVEYS 


2500 Bolsover Rd., P.O. Box 6557, Houston 5, Tex. 


SAM D. ROGERS 
Rogers Geophysical Company 


Rogers Explorations, Sociedad Anonima 


3616 West Alabama Houston 6, Texas 


NELSON C. STEENLAND 
Gravity Meter Exploration Company 
Geophysicist 


3621 W. Alabama Houston 27, Texas 


R. C. SWEET 
Geophysicist 


1111 Bering Dr. Houston, Texas 


C. WHITNEY SANDERS 
Consulting 
Petroleum Geologist-Geophysicist 


U. S. and European Exploration 
1132 Bank of the Southwest Building 
HOUSTON 2, TEXAS 


F. RITCHIE WALLACE 
Geophysical Consultant 


8511 Timberside Dr. 
Houston 25, Texas MOhawk 5-5542 
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CANADA 


Seismic Reviews Field Supervision 


KIRBY J. WARREN 
Geophysical Consultant 


909 Continental Life Building 
Fort Worth, Texas ED 2-9073 


E. DARRELL WILLIAMS 
Geophysicist 
Specializing in Radiometric Exploration for Oil 


3114 PRESCOTT ST., HOUSTON 25, TEXAS 
PHONE MA 3-3991 


THEODORE KOULOMZINE 
Geologist & Geophysicist 
Koulomzine & Brossard Ltd. 

P.O. Box 880, VAL D'OR Que. Canada. 

Rm 905, 80 Richmond St. W. Toronto, Ont. Can. 
Rm 1014, 132 St. James St. W. Montreal, Que. Can. 


JOHN H. WILSON 
Exploration Consultant 


1201 Sinclair Bldg. 
FORT WORTH, TEXAS 


LUNDBERG EXPLORATIONS 
LIMITED 
Consulting Geologists and 
Geophysicists 
Airborne, Magnetic, Electromagnetic 
and Radiometric Surveys 


96 Eglinton Avenue E. 
Toronto 12, Canada 


CHARLES C. ZIMMERMAN 
Geologist & Geophysicist 
Keystone Exploration Company 


2813 Westheimer Road 
HOUSTON, TEXAS 


D. BRUCE McDOUGALL 


Geophysicist 


201 EXCHANGE CALGARY, CANADA 


WYOMING 


Exploration Geology 
Evaluations 


Seismic Reviews 
Seismic Supervision 


JOHN F. PARTRIDGE, JR. 
Consulting Geologist—Geophysicist 


P.O. Box 258 Room 211 O-S Building 
Phones 2-6485 and 2-3328 CASPER, WYOMING 


GEORGE W. SANDER 
Consulting Geophysicist 


174 Douglas Ave. N., Phone 
Oakville, Ontario Victor 4-6345 


CANADA 


R. E. DAVIS 
Farney Exploration Company, Ltd. 


830-8th Avenue West 
CALGARY, Alberta, Canada 


JOHN O. GALLOWAY 
Petroleum Consultant 


805 Eighth Avenue South West 


AMherst 2-9018 CALGARY, ALBERTA 


DR. W. F. STACKLER, P.ENG. 
Consulting Geophysicist 


Phone CHery 4-7303 
1937 25th Avenue S.W. 
CALGARY, ALBERTA 


VENEZUELA 


CARLYLE G. SCHAUBLE 
Consulting Geophysicist 
Consultoria Venezolana 
de 
Geofisica y Geologia 
Apartado 4777 Caracas 
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Sharp, clean 
records every time... 


with Kodak 
Linagraph 
480 Paper | 


In seismic recording your essential need 
is for sharp, clean records that are easy 
to read. 

Kodak Linagraph 480 Paper gives 
you what you need—in roll after roll. 
Traces are sharp, strong blacks against 
clean whites. And no matter what kind 
of field conditions you meet in pros- 
pecting, Linagraph 480 gives you con- 
sistently good results. 


Speed to spare 


The emulsion has speed to spare—won’t 
lose traces from low or fluctuating lamp 
voltages. And you can process this paper 
in developer as hot as your hands can 
stand and get strong black traces every 
time. Processing chemical make-up is 
easy and quick, because Kodak Lina- 
graph Chemicals are all single-powder. 
Just add water and mix. 


Metal containers keep out 
moisture, take rugged 
handling 


Linagraph 480 comes to you in 
slip-cover cans that can take the 
roughest field handling and can 
be re-used as storage containers 
for completed records. The 
booklet “Kodak Materials for 
Geophysical Exploration” gives 
you complete information on 
Kodak Linagraph Materials. 
See your Kodak dealer, or drop 
us a card. 


EASTMAN KODAK COMPANY 
Photo Recording Methods Division 
Rochester 4, N. Y. 
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BETTER 
SEISMOGRAPH 
SERVICE 


TEXAS SEISMOGRAPH CO. 


1502 EIGHTH * WICHITA FALLS, TEXAS 


Review of Scientific Instruments 


Since 1923, the leading publication in the field of scientific instrumentation. 
Over 1,000 pages annually of the latest original research material on new 
instruments for measurement and control. Written and edited by experts, 
the “Review” is the most widely quoted and referenced publication in its 
field. Indexed annually by subject. Circuits, computers, counters, electrical 
measurement, laboratory techniques, mechanics, microwaves, nuclear ma- 
chines, vacuum techniques, X-Ray diffraction, many others. Over 88 sub- 
jects covered. Annually, 12 issues, $11.00. Single copy, $1.50. 


AMERICAN INSTITUTE OF PHYSICS 
335 East 45 Street New York 17, N.Y. 
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ENGINEERED SEISMIC SURVEYS 


R. D. Arnett C.G. McBurney J. H. Pernell 


Mi 6111 MAPLE AVENUE © DALLAS © TEXAS 
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New North Texas Geological Study 


THE GEOLOGY AND GEOPHYSICS 
OF 
COOKE AND GRAYSON COUNTIES 
TEXAS 


Published jointly by the Dallas Geological and Geophysical Societies, a 200-page 
report covering regional geology and tectonics, a history of the discovery, develop- 
ment and production of principal fields, stratigraphic and sedimentary character- 
istics, core analysis data, regional gravity, and the application of the reflection 


seismograph. 


PRICE $10. Order from Society of Exploration Geophysicists, P. O. Box 1536, 
Tulsa 1, Oklahoma. 


HELICOPTER HIRE In ONE book— if 
FOREIGN OPERATIONS 
chemistry of the earth 


PRINCIPLES 
of 
GEOCHEMISTRY 


Second Edition 


By BRIAN MASON, The American Museum 
of Natural History and Columbia University. 
This book provides a coherent account of 
the physical and chemical evolution of our 
planet. It begins by describing the develop- 
ment and scope of geochemistry, and then 

goes on to deal with the earth as a planet, its 
AUTAIR LTD. relationship to the solar system and to the 
universe, its internal composition, the abun- 

London W. 1. England the theories about the earth's pregeologica 

WELL ieee history. 1958. 310 pages. $8.50 


P.O. Box 1146 For Sale by 
Society of Exploration 


P.O. Box 9090 Geophysicists 
Calcutta, India Box 1536, Tulsa 1, Oklahoma 
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Model A-11 King ie on A-120 (4x4) all-wheel-drive 
International truck 


(ae CD-8116 King Winch on 1958 Chevrolet Model 31 
x4). 


Model 151) King Winch on Willys Jeep. 


Koenig Jeep cabs 
and King 
Winches for 

Willys vehicles 

are available 

through Willys 

Motors, Inc., and 
Willys-Overland Export 
Corp. distributors or 
dealers. Write for free 
descriptive literature. 


. . « for Willys, International, Chevrolet, 
GMC, Ford, Land Rover and other vehicles 


COMPLETE, READY-TO-INSTALL KING FRONT- 
MOUNT WINCH ASSEMBLIES FEATURE: 


e winch side arms to reinforce truck 
frame 


@ bronze-bushed, 4-way cable guide 
rollers 


e cable drum guard 

@ heavy-duty pipe bumper 

@ needle-bearing, universal-joint spline- 
shaft drive assembly 


e@ Timken bearings on worm 


King Winches keep you moving through 
the most difficult terrain . . . you get 
action where there’s no traction with 
dependable pulling power. King power 
winches have pulling capacities of 8,000 
to 19,000 Ibs. 


* King Winches for International trucks 
are available through International- 
Harvester dealers. 


Full Cab and Model 151) King 
Winch Illustrated. 


KOENIG ALL-STEEL CABS HAVE THESE SUPERIOR 
FEATURES: 


e PROTECTION e SAFETY 
e COMFORT e CONVENIENCE 


Roll-down windows, full opening . . . full 
panel-board head lining and masonite door 
lining . . . safety glass throughout . . . all-steel 
welded construction . . . door locks. 


IRON WORKS, Inc. 


P. 0. BOX 7726 HOUSTON 7, TEXAS 
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AVAILABLE PUBLICATIONS OF 


The American Association 
of Petroleum Geologists 


Comprehensive Index of the Publications of the A.A.P.G., 1917-1945. Compiled by Daisy 
Winifred Heath. 603 pp. 6.75 x 9.50 inches. Cloth. To members, $3.00 . 


Comprehensive Index of Publications of the A.A.P.G., 1946-1955. Complied by Daisy 
sae Heath and June McFarland. 302 pp., 6.75 x 9.50 inches. Cloth. To members, 


Both Indexes at once, covering all Association publications, 1917-1955 at special price. 


Appalachian Basin Ordovician Sraagten. From 
6 x 9 inches. Cloth. To members, $1 


Possible Future Oil Provinces of the United States and Canada. 4th 
August, 1941, Bulletin. 154 pp., 83 figs. 6 x 9 inches. Paper. To members, $1. 


Problems of Petroleum Geology. 2d printing. Originally published, 1934. 43 papers. 1,073 
pp. 200 illus. 5.75 x 8.5 inches. Cloth. To members, $4.00 5.00 


Possible Future Petroleum Provinces of North America. From February, 1951, Bulletin. 
360 pp., 153 figs 6 x 9 inches. Cloth. To members, $2.50 4.00 


Geological Cross Section of Paleozoic Rocks: Central Mississippi to Northern Michigan. 
Prepared under auspices of Geologic Names and Correlations Committee. 5 cross sections, 
vertical scale 500 feet to the inch. 29 pp. of explanatory text, index. 8 x 10 inches. Press- 
board, sections folded in pocket. To members, $2.00 2.50 


Miocene emg seg of California (1938). By Robert M. Kleinpell. 450 pp., 14 figs., 22 
pls., 18 tables. Offset reprinted. 5.5 x 8.5 inches. Cloth. To members, $4.50 5.00 


Stratigraphic Type Oil Fields (1941). 37 papers. 902 pp., 304 figs., 3 pls. Offset reprinted. 
5.5 x 8.5 inches. Cloth. To members, $4.50 


Petroleum Geology of Southern Oklahoma. 24 articles. 402 pp., 110 figs., 6 pls., 27 tables. 
6.75 x 9.5 inches. Cloth. To members, $5.00 6.00 


Structure of Typical American Oil Fields. Vol. I (1929). 4th printing. 510 pp., 190 illus. 
5% x 8% inches. Cloth. To members $4.00 4.50 


Structure of Typical American Oil Fields. Vol. II (1929) 4th printing. 750 pp., 235 illus., 
5% x 8% inches. Cloth. To members $5.00 5.50 


Structure of Typical American Oil Fields. Vol III. McCoy Memorial Volume. 24 papers. 
516 pp. 219 illus. Cloth. To members, $3.50 4.50 


Geology of California (1933). By R. D. Reed. 355 pp., 58 figs., 26 tables. Structural Evolu- 
tion of Southern California (1936). 4 R. D. Reed and J. S. Hollister. 157 pp., 57 figs., 14 
eoseereens, 9-color tectonic map. Both offset reprinted. 2d printing. 5% x 8% inches. 


Western Canada Sedimentary Basin. Rutherford Memorial Volume. Edited by Leslie M. 
Clark (1954). 30 papers. 521 pp. 2d printing. Stratigraphy of Plains of Southern Alberta. 
Dowling Memorial Volume (1931). symposium. 14 papers. 166 pp. 2d printing, by offset. 
64% x 9% inches. Clothbound together. To members $6.60 


Jurassic and Carboniferous of Western Canada. Allan Memorial Volume. Edited by A. J. 
Goodman, 24 papers. 514 pp. Cloth. To members $6.00 


Habitat of Oil. Edited by Lewis G. Weeks. 1,364 pp., cloth bound. 56 panere on oil occur- 
rence—20 on North America; 5 on South America; 7 on Europe; 5 on Middle East; 4 on 
Far East; 9 topical papers on oil occurrence and migration, hydrocarbons, and basin 
development; and an analysis by the Editor. To members $9.00 


Lower Tertiary grag oe of the California Coast Ranges. By V. Standish Mallory. 

Companion volume to Miocene Stratigraphy of California, by Robert M. Kleinpell. 297 

pp. of text; 7 line drawings; 42 plates of Denaclatiees: 18 tables; index. 6 x 9 inches. 

Cloth. To members $11.00 ........... 12.00 
Bulletin of The American Association of Petroleum Geologists. Official monthly publication. 

Each number, approximately 150 pages of articles, maps, discussions, reviews. Annual 

a $18.00 (outside United States, $19.00). Descriptive price list of back num- 

ers on request. 


(Prices, postpaid. Write for discount to colleges and public libraries.) 


THE AMERICAN ASSOCIATION OF PETROLEUM GEOLOGISTS 
BOX 979, TULSA 1, OKLAHOMA, U.S.A. 
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The vital link between sound theory and accurate geophysical data. 


It’s no chance happening that the cross sections and 

contour maps prepared by General Geophysical 

Company are acclaimed for their reliability. General’s 

team-mate crews make the difference. 

From shooter to party chief, a General crew applies its 

diversified skills as a single purpose unit. World-wide experience 

enables them to make records of optimum quality. 

Specialized knowledge of the prospect area enables them to 

return accurate, imaginatively interpreted data. Dependable . 

data to help increase your ratio of successful exploration. The foundation for obtaining 
An efficient General crew can help you get more from your top quality records begins in 
exploration budget. Consult with General General’s own laboratory, 


where job-designed equipment 
before placing your next contract. 


GEOPHYSICAL COMPANY 
HOUSTON CLUB BUILDING + HOUSTON, TEXAS 


in Canada 10509 Bist Avenue, Edmonton, Alberta, Canada 
General Geophysical Company de France (SARL), 4 Square Rapp © Paris 7, France 
General Geophysical Company de Venezuela, C. A, Sociedad A Camejo No 16 © Caracas, Venezuela 
Genera! Geophysical Company (Bahamas) Ltd, Bogota, Colombia 


WHEN YOUR CONTRACT IS WITH GENERAL, THE PERCENTAGE FOR SUCCESSFUL EXPLORATION IS IN YOUR FAVOR 


: 
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Pom The McGraw-dill Bookshelf 


INTRODUCTION TO THE THEORY OF 
SOUND TRANSMISSION: 


With Applications to the Ocean 


By C. B. OFFICER, Rice Institute. McGraw-Hill International Series in the Earth Sciences. 284 pages. $10.00 


A senior-graduate text for students of geophysics, geology, and physics (acoustics). This is the 
first book on the theory of sound transmission to be published since Lord Rayleigh’s THEORY 
OF SOUND published in London, 1894. Rayleigh’s is an exhaustive treatise; Officer is intended 
as an introduction to the theory, not an exhaustive treatise. 


MINERALOLOGY AND GEOLOGY OF 
RADIOACTIVE RAW MATERIALS 
By E. WILLIAM HEINRICH, University of Michigan. 614 pages, $14.50 


An exhaustive, nontechnical compendium of available information on the subject. It provides 
a comprehensive survey of all the many radioactive minerals, their properties and manner of 
occurrence, together with the descriptive and genetic geology of radioactive mineral deposits 
of economic and scientific importance. Profusely illustrated, it is an ideal textbook in inter- 
mediate to advanced courses in this field, as well as a supplementary economic geology text. 


MICROSCOPIC PETROGRAPHY 
By E. WILLIAM HEINRICH. 292 pages, $6.50 


A complete treatment of the microscopic investigation of igneous, sedimentary and metamorphic 
rocks. All major types of rocks in each group are described, with emphasis on the employment 
of thin sections of their study. In addition, considerable material is provided on the interpreta- 
tion of the genesis of the rocks based upon their mineralogies and textures. Here is all the 
up-to-date material in the field, including a discussion of the point counter in micrometric 
mineralogical analysis. 


THE EARTH AND ITS GRAVITY FIELD 


By W. A. HEISKANEN and F. A. VENING MEINESZ, both of Ohio State University. McGraw-Hill International 
Series in the Earth Sciences. 470 pages, $12.50 


An advanced volume of great value to graduate students in Geology, Geophysics, and related 
fields. It presents new conclusions of the earth’s tendency toward equilibrium, and of the char- 
acter and size of deviations from this equilibrium. The approach is entirely new; with the 
material based mainly on the author’s studies. 


Send for Copies on Approval 


McGRAW-HILL BOOK COMPANY, Ine. 
330 West 42nd St. New York 36, N. Y. 
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It is a known fact that geophysical instrumentation has 
advanced faster than geophysical interpretation. Due largely to 
the competitive efforts of specialized manufacturers, instru- 
mentation has made significant strides in the past ten years. 
Whereas, interpretation has not kept pace. 

Robert H. Ray Co. makes a concerted effort to remedy this 
inequity through progressive interpretive research. Men have 
been assigned to special projects devoted exclusively to such 
problems as velocities, migrations, and faults. Further, very 
close coordination with field parties is maintained at all times. 
Any interesting or peculiar interpretive problem encountered 
is referred directly to this research staff for review and study. 

Attaching the proper importance to all phases of geophysi- 
cal exploration — another reason why RHR remains high 
among the leaders! 


ROBERT H. RAY CO. 


2500 Bolsover Road ® Houston 5, Texas 


Please mention GropHysics when answering advertisers 
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WwW & 


TYPE 
FA-112 


DURABLE 
SELF-BALANCING 
CUSTOM CALIBRATED 


ACCURACY 0.1% wee 
FA-181 


STANDARD RANGES 

Minus 1000 to 3000 feet 
Minus 1000 to 6000 feet 
Minus 1000 to 15000 feet 
Special Ranges Available 


Write for additional information 


WALLACE & TIERNAN INCORPORATED 


25 MAIN STREET, BELLEVILLE 9Q, NEW JERSEY 
IN CANADA! WALLACE & TIERNAN LTD.,WARDEN AVE., TORONTO 13, ONT 
A-118,42 
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IX Londons 


Top quality survey results 
are assured through top 
quality supervision. IX sur- 
veyors average 13 years ex- 
perience. 


We 


Op 
THE or 


hip is the Key to Superior Seismic Data 
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POINTING THE WAY FOR THE DRILL 


Leadership in the field pro- 
vides more useful seismic 
records. IX party chiefs 
average 17 years experience, 
and observers 15 years. 


Supervision and correlation 
of data is the responsibility 
of company executives aver- 
aging 23 years experience at 
Independent ExplorationCo. 
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Final recommendations are 
compiled, verified, checked 
and re-checked many times 
by top seismic exploration 
specialists at IX. 


Put the IX team to work gathering seismic data for 
you ... to point the way for your drill. You can 
put your faith in the superior methods, equipment and 
supervision of... 


INDEPENDENT EXPLORATION CO. 


1973 West Gray, Houston, Texas 
3 Frederick's Place, Old Jewry, London, E. C. 2, England 
1 Place Lyautey, Algiers, Algeria 


12 Rue Chabanais, Paris, France 


OVER 1832 


MAN YEARS OF EXPERIENCE 


Please mention GEOopHysics when answering advertisers 
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Just from the press... 


GEOPHYSICAL SURVEYS 
IN 
MINING, HYDROLOGICAL AND 
ENGINEERING PROJECTS 


270 pages, Cloth 
N. fis. 16.50 ($4.50) 
N. fis. 12.—($3.25) to E.A.E.G. and S.E.G. Members 


CONTENTS 


Twenty-one (17 new) separate papers, of which thirteen are 
concerned with mining problems from many countries and 
cover a wide variety of geological conditions. Three further 
papers discuss the application of electrical techniques to the 
very important problem of water investigations, the remainder 


being devoted to civil engineering problems, mainly dam sites. 


PUBLISHED BY 
THE EUROPEAN ASSOCIATION OF EXPLORATION GEOPHYSICISTS 
30, CAREL VAN BYLANDTLAAN, THE HAGUE, HOLLAND 


SUPPORTED BY 
THE SOCIETY OF EXPLORATION GEOPHYSICISTS 


Orders to be sent to the Secretary-Treasurer of the E.A.E.G. 


Please mention GropHysics when answering advertisers 
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Field tests prove Tex-Tube 
Shot-Hole Casing best! Fast, 
strong, easy-to-handle. Two 
turns completely engage 
speed coupler. Tapered ends 
mean easy stabbing. Strong 
rolled threads assure good 
recovery. 16 gage weighs 
only 20 Ibs. per length. 19 
gage weighs only 13 Ibs. 
per length. For export, ten 
lengths to a package, four 
packages to a 4-Pack. Un- 
band only what you need. 
Available from stock at the 
stores listed below. 


BAKERSFIELD Par-Tain Exploration Co. BATON ROUGE 

Tex-Tube, inc. BEEVILLE (Tex.) H&T SalesCo. DALLAS 

Engineering Supply Co. HOUMA Tex-Tube, Inc. and 

Bilderback Dynamite Co. HOUSTON Tex-Tube, Inc. 

eton Tool Co. eupree Distributing HOUSTON 
Co. and Grove Hardware Co. FOREIGN: CALGARY Seis- roy ROUGE 
mic Ltd. CARACAS Venezuelan Supply, 
CA. NEW YORK CITY National Supply Co _ . HOUMA 


Division. 
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EUROPEAN ASSOCIATION 


OF 
EXPLORATION GEOPHYSICISTS 


The E.A.E.G. was founded in December 1951 


The aims of the Association are to promote the science of exploration geophysics by 
establishing contacts and encouraging co-operation and fellowship between geo- 
physicists in Europe and elsewhere and by disseminating knowledge of the science 
through the agency of regular meetings and the publication of technical papers. 


MEMBERSHIP 


Active Members pay an annual membership fee of Neth. fis. 15.—, increased by 
Neth. fis. 0.50 collecting charges. In U.S. currency this charge amounts to $4.10. 


Prospective Members. Anybody interested in geophysics can apply for membership 
by sending in an Application Form, duly filled out. Forms will gladly be supplied 
by the Secretary-Treasurer of the E.A.E.G. but may also be obtained through the 
kind assistance of the Business Manager of the S.E.G. 


GEOPHYSICAL PROSPECTING 


Official Journal of the European Association of 
Exploration Geophysicists 


This journal is issued quarterly and contains articles written in English, French or 
German. English, however, is predominant and each article is preceded by an abstract 
in that language. 

Active members receive the journal free of charge. 

In accordance with the Terms of Affiliation with the Society of Exploration 
Geophysicists, members of that Society may enter a current subscription to the 
journal for the normal membership fee. 


The Subscription Rate for non-members is Neth. fis. 22—(U.S. $5.80) per annum. 
Single copies are available at Neth. fils. 6—(U.S. $1.60). These rates include pack- 
ing and postage and are payable in advance. A limited quantity of previous issues 
is still available at the same price. 


Advertising rates will be sent upon request. 


All communications to be directed to: 


THE SECRETARY-TREASURER E.A.E.G. 
30, C. VAN BYLANDTLAAN ¢ THE HAGUE e¢ NETHERLANDS 


Please mention GEOPHysIcs when answering advertisers 
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Republic can help you tame him! 


Republic's experienced seismic crews have 
proved time and time again that there is just one 
way to “cage « wildcat”. The only answer is 
to base your exploratory drilling on geological 

and geophysical data that is adequate and 
carefully interpreted by experienced personnel. 
Republic offers sound, well-planned 
exploration services. The latest in magnetic 
equipment and modern methods are 
employed to increase your chances 
for drilling success. 
To “cage” your wildcats — consult Republic 
before starting your next well. 


For your copy of a U. $. map showing all 
major geological features, write: Republic, 
Dept. B, Box 2208, Tulsa, Okla. 


Please mention GropHysics when answering advertisers 
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| GREPusLic EXPLORATION COMPANY 
TULSA, OKLAHOMA — MIDLAND, TEXAS 
—— 


@EXPLORER= 


FIRST ALL-TRANSISTORIZED 
24-TRACE 
SEISMOGRAPH SYSTEM 


G 


CUT EXPLORATION COSTS... 


SAVE 50% to 80% IN POWER, WEIGHT, SIZE 


Texas Instruments Incorporated has developed 
a completely new, high-performance seismo- 
graph around the functional magic of transistors. 
YOU SAVE ON PORTAGE AND TRANS- 
PORTATION . For the first time, a 24- 
channel seismograph, complete with control and 
test circuitry, is contained in a compact, one- 
man portable case 18” x 26” x 8” weighing 
only 57 pounds. Other systems require from 
three to six cases for components performing 
the same functions. Also, the entire seismograph 
system, with camera and magnetic recorder 
(TECHNO’s all-transistorized magnetic 
recorder is a highly compatible system with the 
EXPLORER) may be mounted in one Jeep or 
transported in one helicopter trip. 


YOU SAVE ON POWER ... the EXPLORER 
requires only one 12-volt battery and consumes 
nine amperes (normally only six amperes after 


Write for complete EXPLORER information .. . 


specify Bulletin $-324, 


TEXAS INSTRUMENTS 


'NCORPORATED 
INDUSTRIAL INSTRUMENTATION DIVISION 


3609 BUFFALO SPEEOWAY + HOUSTON, TEXAS + 


first breaks) . . . no warmup time is required. 
This is better than a five-to-one power savings 
over other present seismographs. 

YOU SAVE ON MAINTENANCE .,., . after 
initial system checks, 80 per cent of all amplifier 
difficulties are attributable to vacuum tubes. 
Transistors used in the EXPLORER, for practi- 
cal purposes, have infinite life. 


Furthermore, the EXPLORER offers a wide 
practical frequency range, 5 to 200 cps; broad 
dynamic range; and wide operational latitude 
in AGC speeds, initial suppression, filtering, 
inputs, outputs, and test circuitry. 


The EXPLORER is literally jumps ahead: of 
the exploration industry . . . it pays for 
itself in REDUCED OPERATING COSTS, 
INCREASED PRODUCTION, and UN- 
EQUALLED RELIABILITY. 


Other TI/IID Products 

© Complete Seismic instrumentation 

© Tl Worden Gravity Meters 

© DATA-GAGE Measurement and Control! Systems 
“‘recti/riter’’ Recorders and Accessories 

© Automatic Test Equipment 

(Tl handies export sales and service 

for TECHNO transistorized recorder) 


CABLE: HOULAB 
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new name 


shore 


explosives! 


Dependably safe nitro carbo nitrate blasting agent, NITRO CARBO NITRATE 


CYAMON® “‘OS" has been developed specifically for 
use in seismic prospecting at sea. It is not cap sensitive 
. . . cannot be detonated without a primer. It complies 


in every respect with U. S. Coast Guard regulations con- WWERICAN CYANAMID COMPA 


trolling use of explosives on high seas. 
Packaged in metal containers of these sizes and capac- 

ities: NEW YORK, N.Y. 
5"x13"-10lbs. 5”x212"-16%4lbs. 5% "x27 Y2"-25ibs. 


THE CYANAMID SEISMOGRAPH LINE:* 


Hi-Speed * Geogel * AjaxS * Pattern Powder—Available 


with Fast Coupler or E-Z Lok * Blasting Agents—Cyamon OS 
*Trademark 


Distributor Sales Offices and Magazines: 


Dixie Dynamite Distributors, Inc. — Jackson, Mississippi ° 
Hattiesburg, Mississippi Houma, Louisiana 


Southern Sales and Transportation Co. — Alice, Texas ° 

Brewton, Alabama °* Brookhaven, Mississippi ° Houma, 

Lovisiana Lafayette, Louisiana Shreveport, Lovisiano 
* Lake Charles, Louisiana 


Beeville H. & T. Sales Company — Beeville, Texas 


— CYANAMID — 


AMERICAN CYANAMID COMPANY 4 
Explosives Department 
30 Rockefeller Plaza, New York 20, New York a 
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GRAVIMETRIC 
AGNETIC 


AND 


RADIOMETRIC 


REPORTS 


Please mention GropHysics when answering advertisers 


Hlere ore the best seasons for the REFRACTION REVIVAL! 


VLF 


$-36 


VERY LOW FREQUENCY AND HIGH-OUTPUT 2-CYCLE. 


SEISMOGRAPH 


Although the Refraction Seismograph was 
used as an exploration tool many years before 
the Reflection method, it was virtually aban- 
doned during the thirties because of the in- 
ability of existing equipment to record low 
frequencies and build up a satisfactory signal- 
to-noise ratio. 


SAVE UP TO 50% ON DYNAMITE — 
SHOOT ANY TIME OF THE DAY! 


Now, the thoroughly field-proved VLF Re- 
fraction System provides highly usable results 
for large area surveys or in areas unworkable 
by the reflection method. Excellent first breaks 
and second arrivals have been recorded while 


e TEXAS INSTRUMENTS 


INCORPORATED 


INDUSTRIAL INSTRUMENTATION DIVISION 
3609 BUFFALO SPEEOWAY * HOUSTON, TEXAS * CABLE: HOULAS 


SEISMOMETER 


using less than half the dynamite required by 
other systems. Furthermore, the VLF’s high 
signal-to-noise ratio permits shooting during 
the usually windy mid-day hours when other 
systems cannot produce usable results. With 
frequency response down to one cycle on the 
amplifiers and to two cycles on the S-36 seis- 
mometers, the versatile VLF system is equally 
satisfactory for the most difficult petroleum 
exploration programs, mining surveys, and 
civil engineering projects. 

You can be sure of the best attainable 
refraction results with the compact and port- 


able 12-channel VLF system. Write for com- 
plete information — specify Bulletin S-308. 
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It’s now possible to get dependable 
aerial surveys over featureless areas. 
Terrain once considered too difficult can 
be explored. Now AERo offers airborne 
magnetometer surveys guided by 
RADAN® navigation systems. 


Tested in more than 40,000 square miles 
of desert surveys, this new radar Doppler 
aid measures ground distances within 
1 or 2 parts in 1,000. Drift is charted 
within 0.1°. No maps, photos or ground 
stations are required. 


With this new system, AERO can make 
magnetic surveys before or during the 
mapping program. Delays for comple- 
tion of aerial photos are avoided. What’s 


more, reconnaissance over unexplored 
country is as dependable and techni- 
cally excellent as lines flown in well- 
mapped areas. 


Costs for this Doppler guidance are $1 
to $2 per line mile. It reduces total costs 
of radio-guided surveys by 50% or more. 


Get complete information. 
Write Dept. 103 for Ex- 
PLORATION OVER FEATURE- 
LESS TERRAIN with 
Rapan® NavicaTIon. It 
reports costs, accuracies, 
other important data. 


AERO SERVICE CORPORATION 


Oldest Flying Corporation in the World 
Philadelphia 20, Pa. 
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GRAVIMETRIC 
MEASUREMENTS 
AT SEA 


ASKANIA SEA GRAVIMETER AFTER GRAF 


: 


ATTAINABLE ACCURACY: 1 mgal 


U.S.BRANCH ASKANIA-WERKE AG 
4913 CORDELL AVE BETHESDA, MD. 
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KAN: A-WERKE AG - BERLIN-FRIEDENAU 


GRAND 


NEW we 


CONVENIENCE AND SERVICE are bywords at 
all Mayhew Supply stores. A complete 
line of replacement parts for drilling 
units and geophysical supplies insure 
continuous operation for your rigs. Stop 
by and see your Mayhew Supply man 
soon. He will be happy to talk over your 
needs .. . show you the newest equipment 


advances. 


TEXAS 


4700 SCYENE ROAD - DALLAS, TEXAS 


SALES AND SERVICE 


CASPER, WYOMING * TULSA, OKLAHOMA ®* SIDNEY, 
MONTANA ¢ LUBBOCK, TEXAS * GRAND JUNCTION, 
COLORADO * GALLUP, NEW MEXICO © EXPLORATION 
EQUIPMENT CO., INC., HOUSTON, TEXAS 


CANADA 


SEISMIC SERVICE SUPPLY, LTD., CALGARY AND 
EDMONTON, ALBERTA 


EXPORT 


IDECO, INC., P. O. BOX 1331, DALLAS, TEXAS 


~ 
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BERT & RALPH DUESING 


“Selling Atlas Explosives” 


BIG LAKE, TEXAS HASKELL, TEXAS 


GEOPHYSICAL CASE HISTORIES, 
VOLUME II 


Contents 


General and historical papers 
Salt dome case histories . . 

Reef case histories . . 

Anticline case histories 
Stratigraphic trap case histories 
Mining case histories . 

New uses case histories 


Total number of papers 


WITH GENERAL INDEX AND INDEX TO MAPS 
$6.00 to SEG, AAPG and AIME members—$10.00 to others 


Payment must accompany order No C.O.D. orders accepted 


SOCIETY OF EXPLORATION GEOPHYSICISTS 
Box 1536 Tulsa 1, Oklahoma 
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Now, you have a choice of three world-famous 


TI WORDEN GRAVITY METERS 


The MASTER retains the true portability and reliability for which the Worden 
Meter set a world precedent. However, the MASTER goes even further, having 
more demanding specifications plus a unique low-power temperature-stabilizing 
feature which together upgrade both the quantity and quality of gravity data. 
With the MASTER, in either severe or moderate temperature conditions, the 
absolute minimum number of base ties are required due to the positive linear 
drift, giving you a maximum production rate of the most accurate data at a 
reduced operating cost. The MASTER is truly the finest gravity meter avail- 
able . . . with or without the temperature stabilizer in operation. Both the 
MASTER and PROSPECTOR have a gearless top reading dial which gives 
greater operator convenience and minimizes human error. 


The PROSPECTOR has set reliability standards for gravity meters the world over. 
During the past ten years, over 450 of these gravity meters have been placed in 
use . . . this number exceeds the total of all other types combined. As with 
TI Worden Meters now in use, the PROSPECTOR will continue to provide 
exacting results in normal gravity programs. This is assured and even enhanced 
in that tighter manufacturing specifications have resulted in better temperature 
compensation and improved accuracy. 


The EDUCATOR is designed to meet the needs of educational institutions, company 
training programs and surveys allowing for wider tolerances. This meter con- 
tains many of the outstanding features that have established Worden superiority, 
yet fulfills an increasing need for a reliable meter in limited budget projects, 


Write today for complete information... 


THER TI/11D PRODUCT: 


© Seismic Systems 


TEXAS INSTRUMENTS Jf 


INCORPORATED ‘“recti/riter’’ Recacders amd 
Accessories 


MMDUSTRIAL INSTRUMENTATION DIVISION © Ashemelic Tesh 
3BO9 BUFFALO SPEEDWAY * HOUSTON, TEXAS * CABLE: HOULAB 
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Complete Seismic Systems 
or 
Specialized Components 


cis 


Hall-Sears Instruments 
are known world-wide 
for practical design 

and rugged dependability 


Hall-Sears geophysical instruments are designed by men who have 
pioneered and perfected some of the most widely used equipment in the 
industry. This background of engineering and manufacturing experience is 
fully utilized in a company whose entire facilities are devoted exclusively to 
seismic instrumentation. 

Already the Hall-Sears new line of modern instruments has found 
enthusiastic acceptance around the globe. The complete world-wide sales 
and service provided by the Hall-Sears international group is unmatched 
in the industry. 

You can rely on equipment that bears the Hall-Sears shield—always 
a step ahead in seismic instrumentation. 


4, 
a 


HS-300 REFRACTION 
AMPLIFIER 


New circuitry provides unusual 


low frequency stability, permit- 
ting recording in any usable 
frequency range. 


HS-405 LOW CUT FILTER 

Reduces third harmonic dis- 
tortion by attenuating high level, 
low frequency signal ahead of 
input transformer. 


HS-400 HIGH CUT 
FILTER PREAMPLIFIER 
For use with pressure sensitive 

geophones. Offsets high fre- 
quency emphasis and provides 


HS-600 OSCILLOGRAPH 


Completely new, designed for 
use with the most modern tape 
recording ond amplifier systems. 
Synchronous motor paper drive, 
Timing system may be interlocked 


with tape time markers. 


HS-1 
HIGH 
PRESSURE 


HS-100. SEISMIC 
AMPLIFIER 


Acknowledged as today’s most 
advanced standard/portable seis- 


AUTO-SEIS 
DETECTORS 


Designers of the famous HS-1 miniature detector, 
a@ wide range of seismic detectors, from 4.5 cycle to 
variety of cases ond accessories to fit practically 


HS-200 BLASTER 


light weight, capacitor 
charge type, fires up to five 
charges simultaneously. Maxi- 


Suitable for all seismic pros 


additional gain for low signal 
levels. : mum simplicity and operating 


“WORLD WISE" IN SEISMIC INSTRUMENTATION 


iat mic field recording omplifier 
filter. switching, byilt-in transis 
terized power ‘supply, broad 
offers 
with 
Va 
HS-1200 BLASTER 
pecting applications. Transistor- 
oS ized high voltage supply. Com- : 
Ge pletely versatile, fires one to 50 
HALI-SHARS, INC. 
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Low Cost 
Seismic Sections 
the following 
morning with... 


VARIABLE INTENSITY PLOTTER 


VIP’s speed, low initial cost and lowest 
processing cost per profile, make it ideally 
suited for day-to-day processing of seismic 
data in the field office. It is easily trans- Use with raiding savip 
ported from prospect to prospect, and, of ment at night for 

most importance, V/P is compatible and 
operative with all makes of amplifier and 
magnetic transducer systems. 


This first ALL-ELECTRONIC system 

devised for variable density presentations 

rapidly corrects for time or depth and com- 

presses wide areas of seismic data into ; 

section form. The V/P cross section closely i at Central Processing 

approaches a geologic section and is easily Office should have a VIP 
for quick, economical 

comprehended. 


Operating directly from any magnetic 
record, the V/P processes 24 channels at 
one time (or sequentially) over full record 
length — corrections may be viewed as ap- 
plied — maintains timing accuracy of + one 
millisecond. For complete information on Phetogrphic 


the field-proved V/P, write for Bulletin mailing and oe advantoges . 
No. 8-322. preg up to report size or working 


TEXAS INSTRUMENTS 


INCORPORATED 


INDUSTRIAL INSTRUMENTATION DIVISION 
eit as 3609 BUFFALO SPEEDWAY * HOUSTON, TEXAS * CABLE: HOULAB 
Texas Instruments Incorporated 
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COMPETENCE... based on twenty-seven years 
of professional service. 


EISMIC 


XPLORATIONS 


SEI OFFERS . . . a group of experienced personnel—operational and staff. 
Equipment and technical standards controlled by our own laboratory. 


Leaders in modern methods of acquisition of seismic data and its 
interpretation in terms of geologic structure. 


SEISMIC EXPLORATIONS, INCORPORATED 
HOUSTON, TEXAS 


Midland Shreveport Billings 


Foreign Affiliate: Compagnie Reynolds de Geophysique, 
9 Rue du Marquis de Coriolis, Paris, France 
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GEOGRAPH GOES GLOBAL 


McCollum Ray International, Incorporated is ready to serve your foreign 
seismic needs with GEOGRAPH, the newest exploration technique. A 
world-wide organization, McCollum Ray combines the weight dropping 
method with experience gained from geophysical operations in more than 
30 foreign areas. 


The GEOGRAPH, known for speed, safety and economy, provides 
accurate, comprehensive data while eliminating the need for shot holes, 
explosives and the extra equipment associated with conventional methods. 


Wherever you operate, GEOGRAPH can help you in the search for oil. 


LUM RAY INTERNATIONAL 


INCORPORATED 


P. O. Box 6557 Houston 5, Texas 
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The first truly portable FM-A 
Seismic Recording System 


The MRA-2 Universal 
Seismic Analog Computer 


Velocity Seismometers, 
Pressure Detectors and 
Geophysical Accessories 


Molded Rubber Products 
Magnetic Seismic Tapes 


LEVITE 


CORPORATION 


— 


MFR-1 MAGNETIC FIELD RE- 
CORDER 28-channel, individu- 
ally sprung FM or AM heads. 
Complete head bank is mount- 
ed on precision ways and re- 
movable without tools. Single 
channel may be replaced and 
phased in the field. 


Recording System 


Reduced Weight Load—Complete Flexibility 
Rectilinear Presentation 


The average weight of these units is 47 
Ibs. Yet this system is comparable in 
performance and flexibility to the most 
advanced fixed systems. 

The Clevite Recording System can be 
used for either FM or Direct recording. 
Magnetic and photographic tapes can be 
recorded simultaneously. Monitoring can be 
accomplished by rectilinear sequential direct 
writing monitor, or by conventional 
oscillograph. 

Signal-to-noise ratio is 52 db (without 
noise cancelling) and 60 db (with noise 
cancelling). 

In addition to these and other features, 
the Clevite system can be readily integrated 
into practically any existing system. 

We invite you to write for literature and 
arrange for a demonstration. 


Fiberglass case 
(on all unts) has 
integrally-molded 
steel brackets 
which provide a 
means of attach- 
ing straps for 
portable use. 


Unique belt drive 
system of stain- 
less steel is 
servo - controlled 
and locked to 
precision fork 
frequency 
standard. 


TFP-1 MOTOR DRIVE 
SYSTEM AND POWER 
UNIT (Transistorized) 
Power unit contains 
400 cps time stand- 
ard, phase compara- 
tor, motor drive oscil- 
lator, motor drive 
amplifier, and auxili- 
ary power supply. 


MM-4 MAGNETIC MODULATORS 14 
dual channels plus control and 
metering panel. 


DM-2 FREQUENCY DEMODULATORS 
14 channels per bank. 


Four-inch electric writing paper 
with preprinted timing lines. 


qi: MAGNETIC FIELD MONITOR 
Rectilinear electric or ink stylus. 
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Magter-timing 


rections 150 ME near tory 
Any geophone i 
insertion of 


Visuat 
depth Cor 
tapegs¢ Complete” 


field tape to Punched 


The Record |: ingots can be 
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Built-in oper 


241-MP MARSH SEISMOMETER 
Weight 14% Ib. (brass) 1% Ib. 
(aluminum). Features plug-in 


241-SH SHOT HOLE SEIS- 
MOMETER Weight 2 Ibs. 
For velocity surveys in 


241-LR LAND SEISMOMETER 
Weight 13% oz. New rubber 
covering protects against 


241 SEISMOMETER BASIC UNIT 
Weight 9 Ozs. Highest output 
per pound of weight of any com- 


mercial phone. Standard frequen- 
cies of 17, 21 and 28 cps, 
accurate to within one cycle per 


shock and abrasion. Lead out- 
lets at bottom practically eli- 
minate effect of wind noise. 
Bright yellow or red. 


wells where pressures do 
not exceed 4000 psi. Sev- 
eral units may be lowered 
on a single wire tine. 


lead connection with positive 
polarization. May be field- 
checked rapidly in multiples 
or singles. 


700 SERIES PREAMPLIFIER For 
12 or 24 channel operation 
where preamplifiers are re- 
quired for sufficient output. 
Used with 321-MT Pressure 
Detector and other detectors. 
Voltage amplification: 35; 
Power amplification: 2,000. 


321-MT PRESSURE DETECTOR 
Weight 3 Ibs. Piezoelectric 
ceramic with matching trans- 
former. Produces clean 
records, clean events, good 
signal response below 3 foot 
depths. 


— ersal Seismi 
— 
second. 
© 
1 


SEISMOMETER HANGERS Cad 


mium. plated, heat-treated steci. 
Model 2372: 12”, Model 2373: 
18”. 


BAMBING TOOL for quick, easy 


field installation of stainless 
stee| band on 241-LR Seismiom- 
eter, 


BASE. insulates the 


PAAR Seismmometer from ground 
and-helps eliminate AC pickup 
end Other outside interference. 


SEISMOMETER 
ACCESSORIES 


Custom design and manufacture of the highest quality molded rubber 
products and accessories for the geophysical industry. Inquiries invited. 


PORTABLE BREAST 


treated ahiminum. Adjustable 
core bars. Sitraps and.body sup- 
port of Reavy duty canvas 


REEL Heat- 


611 BLASTER 90 volt, Sve 


compact, Has all the features 
usually found in larger units. 
Time break pulse under six 


MULTIPLE GALVANOMETER BANK 
Block fength is dependent on the 
number of gaivanometer ele- 
ments. Standard blocks hold 4 @ 


to°50 elements. Vertical. and 


webbing, No metal touches the seconds, with make and break 
horizontal adjustment. 


body. clearly de 


GEOPHYSICAL 
ACCESSORIES — 


Complete tape manufacturing facilities for: CLEVITE and SIE (AM 
and FM), TECHNO (portable and standard), and AMPEX. IRISH 
STOCK of all types. Shops are air-conditioned and dust-free. 
Equipped with the latest precision, punches. Rigid quality control. 
Fast delivery from stock. 


9820 South Main Street, Houston 25, Texas TEXAS DIVISION 


| 
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TRANSFORMER 


FROM TRIAD 


CT ro 


& *° 
Primsry incus 


mo hel ves of inery 
cetwea;, 2 halves? 
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Mount ing 
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tude 6/se x 
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Tneviletion teat Voltage goo 
Dee Kestovence of guy) 


Yor. Opersting Voltage . gO 
ao? 
Leakage ~ Wind nga to 


Constructed per 


GEOFORMERS TO ORDER 


However knotty your requirements, however formidable your geophysical and 
low-frequency instrumentation needs, TRIAD stands ready to produce trans- 
formers to your specifications...in reasonably short time, at reasonably low 


cost. On these, TRIAD will concentrate its considerable 
engineering skill and production facilities. TRIAD units 
set standards in a field where excellence is routine. 
You'll also find four pages of stock geoformers in our 
latest catalog. A request for ‘‘TR-58"' will put a crisp, 
AIF new copy in your hands in short order. 


ORMER CORPORATION 
@82 Stare steer 
|} HUNTINGTON, INDIANA 
A SUBSIDIARY OF LIFTON FREES 
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DEVELOPMENTS 


from 
ELECTRO-TECH 


This auxiliary. instrument 
produces a variable den- 
sity seismic record an¢ 
simultaneously pres 


A . self-or) 

ing, moving coi! type 
detector, pockaged spe- 
cifically for permane 
installation on the spread 
table. Sensitive — well. 
damped—economical. Re- 
duces operating costs. 


Neither special 


the envelope charo 
of each reflection 


fiers nor recorders ai 
required. Developed anc 
patented by. Sinclair 
search Laboratories. 


Detector. Universal oc 
ceptance of the EVS-z 
demands a snap-on con 
nector that is equoll 
teliable. Coble stress | 
isolated from mechani 
cally polarized gol 
plated contacts. The P-1 
is “O” ring sedled an 
vuleanized. 


The compos 
tures of the 


totile recorder, 
drive speed has been 
duced to 3.59 inches p 


of the DS-7. are. inc 
poroted, 


Leaders in the Field of Seismic Instrumentation 


EFLECTRO-TECH 


ELECTRO-TECHNICAL LABS 
Division of Dandrel Industries, Inc. 


P. O. Box 13243 Houston 19, Texas 
Cable Address: ELECTROTEX 


-_ 
— 
| 
N 
: the DS-8 or In drum- 
type play back Installa- 
om 


Exploration crews the world over are using 
more World-Wide Gravity Meters than ever 
before— for good reasons! Weighing only 
eight pounds, this economical, built-to-take-it, 
portable meter operates anywhere in the 
world in all kinds of weather with maxi- 
mum accuracy. World-Wide’s easy-to-read 
meter is thoroughly temperature compen- 
sated, requires no thermostats, no barometric 
temperature corrections. Sealed in a vacuum, 
the World-Wide Gravity Meter gives depend- 
able, trouble-free service in the most difficult 
prospect areas. 


Exclusive Features Of 
The World-Wide Gravity Meter: 

@ Easy reading counter... operator reads the 
meter without removing from the tripod. 

® Recessed level bubble. . . eliminates 
level bubble creep. 

@ World-wide range on all meters, ,, 
regardless of latitude. 

@ Approximately 100 milligal range on 
counter... minimizes resetting instrument 
in rugged terrain. 


World-Wide Gravity Meters are available on purchase or rental/purchase plans. 
Each instrument carries a full-two-year warranty. Write or wire for complete details. 


3802 South Shepherd, Houston, Texas * Cable Address: GRAVIMETER HOUSTON 
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WORLD WIDE INSTRUMENT NC. 


C..N. PAGE A. E. “SANDY” McKAY 


Central Office 
Continental Life Bldg. 
Fort Worth, Texas 


Division Offices 


WEST TEXAS MID-CONTINENT 
Midiond, Texas Se. Tulsa, Okla. 


C. J. LOMAX 


ROCKY MIS. 
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GET NEW BUSINESS . . 


. EXPAND YOUR SERVICES 


with the 


INI 


MAGNETIC 
MEDIA 
TRANSCRIBING 

SYSTEM... 


Major Magnetic Recording 
+ Carter Pulse Width 
* Electro Tech DS-7 


+ Electrodynamic FM 
and Direct 


SIEFM and Direct 
Techno Direct 


Texas Instruments magneDISC 
Others as specified 


OMNITAPE transcribing 
data from Texas Instruments 
magneDISC to SIE FM tape. 


NOW, you can transcribe data at will from 
any magnetic recording to any other, re- 
gardless of type tape or disc, speed, record- 
ing method, track spacing or number of 
channels. The OMNITAPE, in effect, 
places every magnetic transport in use to- 
day in your processing office, and at a 
fraction of the cost of the individual 
magnetic systems. 


The OMNITAPE is fast, flexible, easy to 
operate... maintains accuracy and fidelity 
of the original recordings. This first suc- 
cessful instrumentation for standardizing 
magnetic media offers new and profitable 
advantages to Geophysical Contractors, 
Oil Companies, and Independent Process- 
ing Agencies alike. Write today for 
complete information. 


343 West 23rd St. P. 0. Box 7487 Houston UN 1-7574 
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FIELD RECORDING SYSTEM 


MS 5 A COMPLETELY UNITIZED 
HIGH FIDELITY FM 


MAGNETIC RECORDING 
SEISMOGRAPH SYSTEM 


An economical one-package unit for magnetic 
recording and monitoring, the MS-15 incorporates 
all of the high-fidelity advantages of the fre- 
quency-modulation method plus linear phase shift 
seismic amplifiers to insure accurate recording 
of seismic data . . . all of this at the same 
cost as AM equipment. 

Playback of tapes is made sequentially through 
a high quality seismic amplifier and electrically 
recorded to eliminate darkroom and developing 
facilities and minimize complexity and cost. 

FM high-fidelity magnetic recording, proven 
field dependability, ease of maintenance, oper- 
ating convenience and flexibility, unmatched com- 
pactness . . . the MS-15 combines every feature 
required for successful exploration. 


S| 


SOUTHWESTERN INDUSTRIAL ELECTRONICS COMPANY 
A Division of Dresser industries, inc. 


10201 Westheimer ¢ P. O. Box 13058 ¢ Houston 19, Texas 
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Erperience Counts 


IN DATA PROCESSING 


20.33.2989 


nee 


PETTY offers central office interpretation for 

the use of crews working under conditions 

where portability or semi-portability is neces- 

sary ond where several crews are avail- 

able for processing through the same office. 
GEOPHYSICAL 


Petty's central offices are staffed by the 
ENGINEERING CC. 
same highly trained, experienced personnel 


that have earned for Petty its reputation for TRANSIT TOWER SAN ANTONIO CApitol 6-1393 
providing the finest in geophysical services. 
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NEW FAIRCHILD 
NAVIGATIONAL 


AID—Doppler Radar- 


can cut aerial 
survey costs, and 
time, in half! 


Much of the cost of surveying desert, jungle and other 
featureless terrain lies in the expense of establishing 
ground stations or obtaining aerial photography nec- 
essary for accurate flight path control. 

The Doppler Radar Navigational Aid, now available 
to Fairchild clients, automatically and continuously 
determines ground speed and drift angle of the air- 
craft. From this information an electronic ‘brain’ in 
the aircraft computes its exact position, enabling the 
pilot to fly precise flight paths over any terrain with- 
out maps, photos, or ground control. This enables 
flying to be started faster and the survey to be com- 
pleted sooner, resulting in important savings—as 
much as 50% on some projects. 

Use of the Doppler Radar also makes possible the 
surveying of areas where maps are non-existent or 
unavailable. 

This new Fairchild service is available for magne- 
tometer and photomapping projects anywhere in 
the world. For complete information write or TWX: 


IRGHILD 


AERIAL SURVEYS, INC. 


Los Angeles, Calif.; 224 East 11th Street 


OFFICES IN: NEW YORK + CHICAGO « BOSTON + BIRMINGHAM + HOUSTON + BRUSSELS + ISTANBUL » VANCOUVER, B.C. 
TORONTO + GUATEMALA CITY » CARACAS + BOGOTA « LIMA + LA PAZ + RIO DE JANEIRO + BUENOS AIRES - SANTIAGO 
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100 ago 


Beginning of Oil Production 


a by 


Mintrops Patent 
of Seismic Refraction Method 


Sine 


B. H. 
Hanover-Germany 


established by Ludger Mintrop 


30 Years 


first Measurement with 
transportable Gravity Meterby _ 


first seismic Fieldwork 
with Transistor Amplifiers by 
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SR-3 DIRECT RECORDER OFFERS 
A NEW HIGH IN FIDELITY OF RE- 
PRODUCTION OF SEISMIC DATA 

The SR-3 Direct Recorder is a light 
weight, magnetic recorder which offers 
improved transient and steady state re- 
sponse. Fortune’s advanced head design 
makes possible the SR-3’s high standard 
in fidelity of reproduction of seismic 
data. 

The special design of the SR-3 makes 
it adaptable to any existing seismic field 
equipment. Installation costs are mini- 
mized—auxiliary control equipment is 
completely eliminated. 


FORTUNE SWITCHING AND 
AMPLIFIER UNIT 

Weighing only 50 pounds, this 
switching-amplifier unit contains all the 
necessary record-playback switching and 
record-playback amplifiers with equiliza- 
tion. It also includes all metering func- 
tions and recording level controls. 


WHO REALLY KNOW GEOPHYSICAL 
INSTRUMENTS ARE NOW SPECIFYING FORTUNE 
TRANSISTORIZED EQUIPMENT. HERE'S WHY— 


Fortune's DC-2 Direct Record-Playback and SR-3 Direct 
Recorder are complete packaged units. They are simply— 
but sturdily—constructed and thoroughly climatized for all 
geographical areas. The DC-2 and SR-3 are easier to 
operate. Require minimum power. Cost less to own. Cost 
less to maintain. 


DC-2 DIRECT RECORD-PLAYBACK SYSTEM FOR 
OFFICE OR FIELD USE 

The DC-2 is designed to produce a statically and dy- 
namically corrected playback of 24 or more channels simul- 
taneously. It accommodates both standard 6%-inch and 
7-inch tapes. The DC-2 also accommodates any shot spread 
configuration—one simple adjustment handles spread change 
in seconds. 

Other outstanding features include: Advanced head design 
which incorporates a linear displacement head bank; A 
400 cycle hysteresis drive system. 


For further details on Fortune Electronic’s precision geophysical 
instruments, or for an office demonstration write or call: 


Gortune 


HAPPEL—H. H. HAPPEL, JR 
1505 SOUTH BOULEVARD, HOUSTON, TEX. 


Reg nted in Dallas, Texas and Tulsa, 
Oklahoma by Inde! Supply Company 
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HIT 


when you hunt with 


MILLION 


Hunting for oil is similar to "shooting in the 
dark" . .. but you are assured accurate and de- 
pendable interpretations of 


GRAVITY SURVEYS 


based on our application of the latest proven 
scientific methods. 


) 
‘ 


Get the benefits of prompt, precise geophysi- 
cal service. Call, wire or write us right away. 


E. V. McCollum Craig Ferris 
515 Thompson Bldg. Phone CHerry 2-3149 
Tulsa, Oklahoma 


Foreign Affiliate: NAMCO_ INTERNATIONAL 
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Versatile, compact, field recorder 
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bd 
bd 
ing System 
fidelity 


DR-50 Direct Recording system 
Matehing lifiers used between 
seismic amplifiers and heads for 
lab tory perf: in the field 


instrumentation from 
to office 


EIC seismic instruments and 
allied components have proved 
their accuracy, dependability 
and versatility in the 


geophysical industry. 


From the most reliable and 
completely portable seismic 
systems to the most versatile 


data processing systems, EIC 

has persistently maintained the 

wide frequency range, low 

distortion and high signal-to- 

noise ratio, plus low power ee 
requirements and high timing . C-850 Central office playback system 


Full corrections from field tape to sections. 
Gey demanded by the Highly efficient, versatile, advanced instrumentation 
geophysicist. 


ELECTRODYNAMIC INSTRUMENT CORPORATION 
2508 TANGLEY ROAD * HOUSTON 5, TEXAS 


These are but a few of the 
reasons why leading petroleum 
and exploration companies have 


availed themselves of EIC 
know-how in the design and 
development of instruments to 

meet their own specific 

requirements. 


EIC’s staff of highly skilled 
engineers and craftsmen is a 
guarantee of the company’s 
leadership in the field of 
seismic instrumentation. 
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THE GEOPHYSICAL SOCIETY OF TULSA 
announces VOLUME 5 of 
THE PROCEEDINGS OF THE 
GEOPHYSICAL SOCIETY OF TULSA 


This issue contains the following papers: 
How Thin is a Thin Bed? by M. B. Widess 
Seismic Exploration in the Appalachian Region by Leland Snow 
Topography and Its Apparent Effect on Average Velocity by H. M. Thralls 
Correlation of Adjacent Gravimeter Surveys by V. L. Jones 
The Seismod Record Section by A. C. Reid 


Featured in this issue is a nearly complete section of abstracts of technical papers 
presented before seventeen Local Sections of SEG during the 1957-58 season. 


BACK ISSUES AVAILABLE 
Volume 4. Tenth Anniversary Number 


This issue contains nine original papers on various phases of exploration geophysics. 


Volume 3. Density Data 

This issue presents density data, in tabular and graphic form, of core fragments and cut- 
tings from wells in several geological basins. Emphasis is placed on West Texas basins. 
Volume 2. Co-operation of Geology and Geophysics 


Case histories of geological and geophysical co-operation successful in petroleum ex- 
ploration are presented in this issue. 


Volume 1. Joseph A. Sharpe Memorial 


The text of this first volume is concerned with magnetic susceptibility of rocks, its de- 
termination and usefulness, magnetic susceptibility measurement on rocks in the Llano 
uplift, on well cores from pre-Simpson Paleozoic rocks, and from wells in West Texas and 
Southeast New Mexico. 


PRICE OF EACH VOLUME $2.00 (INCLUDES POSTAGE) 
Address: 


SOCIETY OF EXPLORATION GEOPHYSICISTS 
Box 1536, Tulsa 1, Oklahoma 
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The organization of Bible Geophysical Co., 
Inc. brings to the field of Gravity and Magnetic 
Surveys and Interpretations the experience, reli- 
ability and integrity .. . the progressive man- 
agement and research of men whose careers 
have been devoted to serving the oil industry 
through continuous advancement in the skills of 


oil and gas exploration. 


Bible Geophysical interpretations and crews 


are available for service throughout the world. 


GRAVITY 


AND INTERPRET 
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ARE YOU LOSING $ $ $ 


IN LOST-TIME ACCIDENTS? 


Misfires, snake bites, strained backs, lopped off fingers, attacks by wild animals 
. . . few other professions present the occupational hazards faced by geo- 
physical field parties. Time is money in exploration, and lost-time accidents 
cost you $ $ $. 

Now the SEG Committee on Safety has available a series of 35 mm color 


slides which can help you bring home to your field people the value of good 
safety practices. 


HERE'S WHAT YOU CAN GET... 


Shot Point Boners (set of 12) 
Drilling Boners (set of 12) 
Doodlebug Boners (set of 12) 
Pre-departure Checkout (set of 35) 
It Could Happen To You (set of 56) 


AND HERE’S HOW YOU CAN GET THEM ... 


The SEG Committee on Safety has these five sets of 35 mm color slides 
available immediately. To order any one or all of the series write, enclosing 


payment, to: 


Mr. Colin Campbell, Business Manager 
Society of Exploration Geophysicists 
Post Office Box 1536 
Tulsa, Oklahoma 
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. . . to locate your next well and 
give you an accurate picture of 
oil-producing possibilities. 


For positive results and high y 
production, you can depend é 
on Tidelands’ experienced 

crews. 


A COMPLETE 
GEOPHYSICAL SERVICE 


GEOPHYSICAL CO. 
© OVERSEAS, INC. 


WESTHEIMER ROAD 


9233 


where 
/ 
! 
> OFFSHORE, INC. 
TROUSTON 27, TEXAS 


7 
Maximum 
Information 


Minimum 
Equipment 
Investment 


[SIE] MS-12 GeoData System will process up to 15 
magnetic recordings hourly, presenting a finished 
seismic time section at low equipment and oper- 
ating cost. FM or direct (AM) tapes can be 
analyzed and the resulting pen-sections can be 
reproduced by Ozalid type processes. Trial filter- 
ing and mixing schemes can be observed on the 
oscillographic drum before sections are made. 
Weathering, elevation, normal moveout, and 
spread configuration information correction fac- 
tors are generated electronically for ease of 
change or setting in data. A true horizontal scale 
can be presented even though spread lengths vary. 


A VINA 


[SIE] MS-18 GeoData System incorporates all of the 
features of the MS-12 GeoData System, but has 
three magnetic drums and associated circuitry 
specifically designed to provide high production 
compositing of magnetic recordings. The system 
is particularly useful where the multiple-ray-path- 
to-a-common-reflection-point technique is used. 
Normal moveout correction range has been ex- 
tended to 400 ms so that reflections from shallow 
strata can be composited. 


[SIE] MS-17 GeoData Auxiliary units provide the 
versatile combinations of variable density, variable 
area, multiple clipped trace or conventional gal- 
vanometer cross sections. These cross sections are 
made concurrently with pen-written sections being 
made on the MS-12. In addition, the MS-17 
permits techno-type magnetic recordings to be 
processed on MS-12 and MS-18 Systems. 
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You get more of the 
SUBSURFACE PICTURE 


with 
GeoData Processing Systems 


Field seismic information preserved on magnetic tape represents hours 
of careful planning and costly field operations. That’s why exploration geo- 
physicists are utilizing SIE GeoData equipment to extract more of the 
subsurface information . . . making certain they realize the full value of 
the investment in each record . . . adding another dimension to each 
exploration dollar. 

Using sequential processing, SIE GeoData Systems require less capital 
investment, yet their versatility insures the most rapid, accurate presenta- 
tion of subsurface data available . . . with all the costly seismic information 
preserved and ready for interpretation. 


SOUTHWESTERN INDUSTRIAL ELECTRONICS COMPANY 


A Division of Dresser industries, inc. 


10201 Westheimer ¢ FP. O. Box 13068 ¢ Houston 19, Texas 
CABLE: SIECO HOUSTON TWX: HO-1185 
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A complete stock of quality-controlled, 
individually-inspected SIE magnetic record- 
ing tapes; fresh photographic paper and 
film; guaranteed precision-ruled charts — 
these supplies are maintained by SIE ready 
for immediate shipment as soon as your 
order is received. 

Equally important are the top-quality 
results assured when you specify SIE 
recording supplies. For example: SIE 
magnetic recording tapes are required to 
be noise free, and are inspected to make 
certain they meet performance specifica- 
tions with SIE instruments. 

Call Eddie Nix at HOmestead 5-3471 
in Houston (days), or MOhawk 4-3765 
(nights) for immediate shipment. Overseas, 
cable SIECO, Houston. You'll be certain 
of unmatched service and quality. 


SIEG) 


SOUTHWESTERN INDUSTRIAL ELECTRONICS COMPANY 


A Division of Dresser industries, inc. 


10201 Westheimer « P. OC. Box 13058 « Houston 19, Texas 
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GEOPHYSICAL COMPANY 


AND ITS AFFILIATES 


Principal Office: 523 WEST SIXTH STREET LOS ANGELES 14, CALIFORNIA 


AFFILIATE AND REGIONAL OFFICES THROUGHOUT THE WORLD 
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FASTER 


SHOT HOLES 


More pocket-profit tool 


The FAILING CFD-1B Combination 
rig produces holes to 1000 feet 
using water...to 500 feet using 
air. For fast drilling it has no equal. 
Two-speed hydraulic chain - feed 
drive. Wet or dry samples or cores. 
Send for bulletin 58-1. 


FOR REMOTE OR SWAMP AREAS 


Where transportation to the drilling 
area is a problem, use the FAILING 
CFD-2. This bantam weight rig will 
go any place a truck will go. Shot 
holes to 350 feet. 


FAST PARTS SERVICE 


FAILING maintains speedy replace. 
ment service. Supplies and parts 
available day or night, whenever 
and wherever you may need them. 


Look to the BIG “F” 
for FINEST rigs made! 


HUNTING GEOPHYSICS LTD 
4 ALBEMARLE STREET - LONDON W.! 
Cables: HUNTMAG, LONDON 


Representative in the U.S.A.: 

LORD PENTLAND, A.M.I.C.E., A.M.1.E.E. 
57 Park Avenue 

New York 16 


GEORGE E. qi COMPANY 


A SUBSIDIARY OF WESTINGHOUSE AIR BRAKE COMPANY 


ENID, OKLAHOMA, JU. S. A. 
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International 
Petroleum | 
Expositio1 


MAY 14-23... 
TULSA, U.S.A. 


For Accommodations Write 
IPE Housing Bureau 
Oil Capitol Bldg. 

THE CENTENNIAL OF THE PETROLEUM INDUSTRY Tulsa, Oklahoma 


Dates of the IPE set in conjunction with World Petroleum Congress to be held in New York a week after the Tulsa Show 
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for PATTERN SHOOTING 


lercules’ continuous program of research and de- 
velopment has provided a new Vibrocap SR. This 
mew Vibrocap SR gives seismic blasting crews an im- 
proved electric blasting cap for land, marsh, and 
fishore exploration. The new cap features: 

mproved .. . Series firing for pattern shooting 
jith faster, more uniform firing at lower current 
ith high voltage blasters. 


mproved . . . Regularity of firing at both high a 
low currents. 


Improved . . . High resistance to accidental dis- 
charge by static electricity, stray currents, and radio 
frequency energy. 

Improved . . . High water resistance. 

Vibrocap SR is available with plastic-insulated 
kirked wires in regular packages, or on spools packed 
in cartons having convenient carrying handles. 

Our sales engineers welcome the opportunity to 
tell you more about Vibrocap SR and to consult with 
you on blasting procedures. 


HERCULES POWDER COMPANY 


Explosives Department - 900 Market St., Wilmington 99, Del. 


XR57-2 


Birmingham, Ala.; Chicago, Ill.; Duluth, Minn.; Hazleton, Pa.; Joplin, Mo.; Los Angeles, 
Calif.; New York, N. Y.; Pittsburgh, Pa.; Salt Lake City, Utah; San Francisco, Calif. 
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How to find an oil field! 


Use the Schlumberger Continuous Dipmeter 
on every wildcat well. 
As long as oil migrates up-dip, there is nothing 
more fundamental in wildcatting than to find 
which way is up ... and the Schlumberger Dip- 
meter can do just that! 
Formation dips—both amount and _ direction— 
throughout the borehole are recorded in one, 
fast, continuous operation. 
These dip measurements may be more vital to oil 
discovery in a wildcat area than all other struc- 
tural information. 
The cost? It’s small, in both time and money, 
compared to the cost of drilling additional wells 
or using other exploration methods. 


THE EYES OF 


And now—added advantages from completely 
new design. 


e No special instrument unit necessary. The serv- 
ice is run from the regular logging unit. 


e The instrument operates at high temperatures 
—up to 350° F. 

e Improved bed definition from micro-focused 
curves gives increased accuracy. Positive dip 
calculations can be made under a wider range 
of conditions. 

Wherever you carry the search for new oil fields, 

there is no better guide than the Schlumberger 

Dipmeter. It’s available in all Schlumberger 

locations. 


THE INDUSTRY® 


SCHLUMBERGER 


GEOPHYSICS, APRIL, 1959 
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GEOPHYSICS, APRIL, 1959 


An easily read, clearly illustrated text on 


Modern Geophysical Techniques 


EXPLORATION GEOPHYSICS 


by J. J. Jakosky, Sc. D. 


In more than 1200 pages and 
with 715 illustrations, the 1957 
revised printing of Exploration 
Geophysics covers the entire field 
of exploration by modern geo- 
physical methods. It is concisely 
and clearly written by an inter- 
nationally known ysicist, in 
close collaboration with 39 other 
leading authorities, 


Thirteen fact-packed chapters 
fully cover all contemporary 
methods; plus permit, trespass 
and insurance problems, A basic 
textbook for every geologist, 
geophysicist, engineer and phys- 
icist concerned with exploration, 
well logging and production. 
Adopted by many leading uni- 
versities. 


Send your money order or check for $12.50 for a copy of Exploration Geophysics on 
5-day approval. If you are not fully satisfied, merely return the book in its original 


condition and your money will be promptly refunded. 
TRIJA PUBLISHING COMPANY, 2502 W. COAST HIGHWAY, NEWPORT BEACH, CALIFORNIA 


ANNOTATED BIBLIOGRAPHIES 
OF ECONOMIC GEOLOGY 


Available—Vols. I-XXIX (1928-56) 
Vol. XXX (1957) in preparation 


Price $6.00 per volume anywhere in the world 
General Index to Vols. I-XXV in preparation 


ECONOMIC GEOLOGY JOURNAL INDEX 
TO VOLS. I-L 


Index to Vols. I-XX (1906-26) 

Index to Vols. XXI-XXX (1927-1935) ...... 2.00 
Index to Vols. XXXI-XL (1936-1945) 


Fiftieth Anniversary Economic Geology 
1905-1955 (in two parts) 
Price to Subscribers of Economic Geology 
(including members, and_ students 
whether subscribers or not) ..... -$6.00 


Price to Non-Subscribers to Economic 
Geology ........ 8.00 


Order from: 


Economic Geology Publishing Company 
105 Natural Resources Bldg. 
Urbana, Illinois 


In ONE book— 


a complete summary of the signifi- 
cant facts and ideas concerning the 
chemistry of the earth 


PRINCIPLES 
of 
GEOCHEMISTRY 

Second Edition 


By BRIAN MASON, The American Museum 
of Natural History and Columbia University. 
This book provides a coherent account of 
the physical and chemical evolution of our 
planet. It begins by describing the develop- 
ment and scope | geochemistry, and then 
goes on to deal with the earth as a planet, its 
relationship to the solar system and to the 
universe, its internal composition, the abun- 
dance and distribution of the elements, and 
the theories about the earth’s pregeological 
history. 1958. 310 pages. $8.50. 


For Sale by 
Society of Exploration 
Geophysicists 
Box 1536, Tulsa 1, Oklahoma 
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Sound that the eye can see 


This is the Schlumberger Sonic Log—a visual record 
of sound velocities. Here is a whole new system of log- 
ging—the measurement of a formation property com- 
pletely distinct from its electrical or radioactive charac- 
teristics. 

The Sonic Log is rapidly taking its place in the search 
for oil with other Schlumberger logging methods. See 
how it may help you on your next well. 


The Sonic Log provides: @ Accurate porosity values 
in medium to hard formations. @ Excellent correlation 
from exacting detail due to its closely spaced detectors. 
®@ Clear indications of geological changes not apparent 
on other logs. @ Differentiation between water, oil and 
gas in high porosity formations. @ Data for better inter- 
pretation of seismic diagrams. 


For better interpretation of seismic surveys, look into the Schlumberger Seismic Reference Service. By contractual 
arrangement with the widely experienced Century Geophysical Corporation the Sonic Log is augmented with surface 
tie-in and well geophone shots to provide a complete package velocity service. 


THE EYES AND EARS OF THE OIL INDUSTRY 


SCHLUMBERGER 


IN COOPERATION WITH 


Contury Geophysical Corporation Ado. thru courtesy of Schlumberger 


GEOPHYSICS, APRIL, 1959 


The Work of the 
Gravity Map 


ls Never Done 


Like the proverbial housewife, the work of a 
first-class gravity map is never done. In the 
beginning, at the first entrance into an oil prov- 
ince, the gravity map is asked to provide only 
the most gross structural information. As wells 
are drilled providing subsurface data, the in- 
terpretation of the gravity becomes less am- 
biguous making more precise subsurface pre- 
dictions possible, resulting in more wells which 
result in still more detailed interpretations and 


so on ad infinitum. 


At the present time this interpretation process 
has passed through only about two iterations. 
For example, the gravity maximum is found; it 


is interpreted as an anticline. Wells are drilled 


Thomas J. Bevan 
910 South Boston 


and a producing structure is outlined. The sym- 
metry of the structure disagrees with the sym- 
metry of the gravity anomaly. This suggests a 
larger structure at depth or a closely related 
one. More wells are drilled. There still remain 
unexplained gravity features. We have about 
reached the end of the qualitative stage of 
interpretation. From here on, it will be neces- 
sary to include quantitative data from the sub- 
surface if we are to continue to iterate towards 
the truth. The advent of the electronic digital 
calculators brings this goal into sight. 


It is this integration of the subsurface with 
the gravity data that, we believe, will provide 
our next major step forward in the sound use 
of this intrinsic information which nature pro- 


vides us for the unraveling of her secrets. 


With all this lying ahead, we need have no 
fear of obsolescence when money is invested 
in good gravity work. Like the Stradivarius its 


value should increase with age indefinitely. 


Ed M. Handley 
Tulsa, Oklahoma 
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These services are available for your use NOW . 


AND MAGRETIC WEVETS COMTMYOUS VELOCITY LOGGING 
6200 East 4151 Street 


Seismograph Service Corporation 


TULSA, OKLAHOMA © Riverside 3-1381 
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by 
i TO FIND OIL... ANYWHERE! 

A 4 
ba 

New Interpretation Improved Dato Advanced Date 

Techniques Conversion Methods Reduction Systems 


-K has an area of 586,400 square miles 

K has at least nine possible petroleum provinces 

~K has the highest peak in North America (Mt. McKinley, 20,257’) 
~-K was discovered by a Dane, Vitus Bering, in 1741 

K has a 6,640-mile coastline 


~+K has, as its approximate geographic center, a point in latitude 
63° 46’, longitude 152° 20’ 


-K has produced some oil since the early 1900's 
K has, as its state flower, the Forget-me-not, 


... a OF item to remember is GSI experience in GOLB climates... 
in Alaska and above and below the Arctic Circle in Canada. You can 
lessen the tough going in Alaska by discussing your seismic, gravity and 
magnetic exploration programs with GSI. 


Geopnysicat Service Inc. 


900 EXCHANGE BANK BUILDING ° DALLAS 35, TEXAS 
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